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I

FOREWORD

ThiS is tht% fifty-secondof a series Of ~pOE’tS
designed to present accounts of pro~ss in saline water
conversion with the expectation that the exchange of such
dati will contribute to the long-range development of eco-
nmical processes applicable to large-scale, low-cost
&mineralization of sea or other saline water.

Except for minor editing, the data herein are as
contiined in the reports sulnnlttid by Remurces Research
Incorporated under Contnct NO. 14.01-001-96, covering
research carried out through OCtober 15, 1957, and Contract
No. 14*O1-OO1-1O9, covering re~earch through November 30,
1958. The data and conclusions given in this report are
essentially those Of the Contractor and are not necessarily
endorsed by the Department of the Interior.
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Part 1

SURVEYOF PHYSIOLOGICALMECHANISMSOF SODIUM
AND CHLORIDEION TRANSP03T AND D=IGN OF

EXPERIMENTFOR APPLICATION TO DEMINERMIZING SALINE WATERS



-1-

1. Summary

All living organisms constantly accumulate and excrete salts,

including sodium chloride, from aqueous solutions. The processes ~

which this is accomplished, however, have received little, if q,

scrutiny ~ perscnaprtily interested in the reclamation of ssline

waters. In the belief tbat a review of the scientific knowledge on the

subject might reveal possible engineering applications, a literature

survey was made. The medioal, biochemical and physiological literature

was searched for information regarding natural procasses by which salt

concentration gradients are established and maintained between organisms

and their environment.

The search was begunby examining information relating to the

ftncti~ of the human lddneywhich conaewes electrolytes within the

body by absorbing them from the urine. The salt-consemdng actions of

the sweat and secretorg glands were also examined. Kidney and other

salt-concentrating functions in animals were rewiewed. Concentration of

sodium chloride is effected ~ intestinal nncosa, gills of fish and the

skin of amphibians. Plants, single-celled organisms and tissue cells were

also studied in regard to the accumulation and excretion of salts.

Knowledge concerning how living organisms accumulate or excrete

Halts is very lindted. S~ientific investigation in this area is nomplex

- difficult. Huwever, on the basis of available information, there seem

to be a striking 8MU@inp~iolo@ctimechtims achieving eleotro-

I@e balance. Factors in common with q vule~m of animals, plant~ d

mills are the aMllties b accumlate ad mintain ions against comitiabla
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concentration gradients through the eqenditure of ener~ derived from

metabolic procesms. This alxllity is termed Wactive transport. ”

Mq theories and variations have been offered @ investigators

in attempts to explain the active transport of ions. Some of the proposed

theories Indulge in intricate mathematical treatments probably not warranted

by the scant faots available. The more prominent theories, on the basis

of acceptance in the field, are reviewed in this report.

Maw investigators have studied sodium chloride transport

through the isolated frog skin. Calculations based on these data show

that very large surface areas are reqyired for appreciable transport of

sodium chloride. Calculations also indicate, however, that the energy

requirements closely approach the theoretical minimum for the separation of

salt and water by any possible means. Because of the similari~ of sodium

chloride transport in living organisms,these calculations may providb a

very rough approximation of the area-energy relationship for physiolo~cal

transport other than in frog skin.

A method seeking totitilize physiological, transport of sodium

chloride ky liting organisms for application to the conversion of saline

waters is proposed. This envisions the use of unicellular algae in a

sodium chloride ~~convqor belttr process. Grown in an optti environment

of saline water, the algae, possessing large surface area per unit volume,

would accumulate sodium chloride. They wculd then be mechanically remaved

to an unfavorable environment where the source of metabolic energy nece=mry

to maintain the internal concentration of sodium chloride would be denied.
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This might be accomplished m excluding light. The algae should --

sequently dump sodium chloride in approaching equilibrium with the en*on-

ment. After this, they would be removed from the enriched suspension and

returned to the original suspension where they would accumulate ’more sodium

chloride, gradually depleting the salinity of the water as the cycling

continues. A flow diagram of the hypothesized process is presented and

explained. The prospects of the method ~e believed to warrant a laboratory

investigation.
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11. Introduction

One of the fundamental life processes is the ability of plants

and animals to transport and accumulate or excrete selectively marIv types

of ions. Among these ions are sodium and chloride. A great amount of

basic ad app~ed research has been conducted in the field of ion trans.

port ~ physiological mechanisms. Ve~ little, tf any, of this work,

however, has been concerned with sodium end chloride with a view toward

posdble significance in saline water recoverg. This studywae under-

taken to explore the phyaiologiaal processes forposdble practical appli-

cations to the extraction of fresh water from sea water or bracldsh water.

manner in

knowledge

The studyhad two principal objectives which also indicate the

which it was conducted:

1. To

relating to

suney the medica15 physiological and biochemical

the separation of sodium and chloride ions from

water, and

2. To

those of engineering

employ the above disciplines in conjunction with

in designing an expetient for developing apmoti-

cel method of utiliaing natural principles in low-energ removal of sodium

and chloride Ions fkom saline waters.

In the early stages of the study, considerable emphasis was

placed on kidn~ function since the kidneyls an outstanding ~ample of

an organ which can separate sodium and chldde ions from aqveoua solution.

It routindy does this in the production ef urine. It was mon learned

that,while the lchtn~ perform as an integrated organ, the actual secretion

or reabsorption of Ions is accomplished at the cellular or wen subcellular

level. ‘Ehis ability is not pecullar to cells of lddn~ tissue, but is

common to all living cells. Selectivity of the cell membrane to the
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paseage ~f ions and the utilization of enetgyderld~: ”from.mtiabolism to

establish and maintain concentration gradients across the membrane are

the common denominators. Accordingly, the search was broadened to include

areas of animal and plant physiolo~.

Limitations of the study made

literature on the subjects impossible.

a complete survey of the vast

With the assistance of expert

guidance, the more significant and representative material was selected.

In this manner, the important observations and theories relevant to the

objects of’ the study have been reviewed.

The input energies and efficiencies of physiological processes

seem to offer advantages over mechanical methods of separating salt and

water. As yet the biochemistry of these processes is obscure. In addi-

tion, physiological transport depends upon detailed and complex physio-

logical structure which camot be reproduced artificially. However, a

possibility of applying physiological prticiples directly through the

utilization of living organisms may exist. A description of

sfied process which would induce algae to behave @ a sodium

~conveyor belt~ is pre8ented.

an hypothe-

chloride
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111. Macro Organisms

A. Kidney

The principal function of the kidney is to control body excretion

so that electrolyte balance can be maintained. Smith (1) describes the

human kidney as consisting of an integrated mass of individual utits

called nephrons of which there are approximately one million per human

kidney. Each nephron performs the complete kidney process on a miniature

~cale.

The nephron (fig. 1) has a spherical bundle of capillaries,

called the glomerulus, which is surrounded ty a spherical sac named

‘Bowman~s capsule.” The capsule is connected to a fine tubule. The tubule

consists of three segments, called the proximal, thin and distal portions

which follow the

glomemlus,which

Because of their

glomerulus in that order. Blood is supplied to the

under

large

complex substances are

there~, are conserved

):ap~ule and ~hence the

hydrostatic pressure, acts as an ultrafilter.

size, protein molecules, fat droplets and other

prevented from passing into the capsule and,

within the body, The protein-flree plasma enters the

tubule where it is modified ~ reabsorption or se-

cretion of the con~tituenta through the tubule wall in accordance with

Me demands of the body fluid. The reabsorption of sodium takes place

in two stages (2). In the proximal tubule approxi~tely

the sodium in the

and the remaining

mechanism of this

water conversion.

diffusion of ions

glomerular filtrate is reabsorbed into

sodium may be reabsorbed in the distal

80per cent of

the body fluid,

tubule. The

reabsorption Is of prime interest to the problem of saline

Many early workers believed this was accomplished ~sirqik

due to electro-osmotic pressures. Calculations now show

that the quantities transported in this manner are insufficient to have
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much significance in the kLdney. Simple dlffuaion falls short of a quanti-

tative explanation of kidney reabsorption ~ several orders of magnitude (3).

Abundant experimental tidence also shows that there are substances, among

them sodium, which move in a direction opposite than that which would be

dictated @ electro-osmotic forces. It is, therefore, necessary to conclude

that energy musti be expefied in accowli~hing this type of transport.

Aerobic metabolism is generally accepted as the source of this energy.

In the proxbnal tubule the reabsorbed sodium is accompanied by consider-

able quantities of water which traverse the tubule wall passive~ due to

the osmotic pressure created @ the reabsorption of the sodium. Chloride

and other anions till also accompany the sodium passively because of

electrostatic forces. The remaining fluid enters the thin segment of the

tubule, called the loop of Henlej the wall of which is highly pemeable

to water. Here, o~otic e~illbfil.lm is established between the proximal

urine and the plasma by the movement of water. The loops ofHenle are

sep=ated from the proximal tubules but intermingled with the collecting

tubules in such amanner that Cush~ (4) mid, “me =rq~ents cefi~~

call to mind the regenerative heat exchangers used in the machines which

liqueb gasesj and one cannot help wondering whefier some procees of

regenerative diffhsion exchange may be at work.’? The forndng urine passes

from the thin segmerrt into the distal portion of the tubule where the

process of particular interest frmthe scdiumchlofide removal standpoint

takea place. Here mdiumis reabsorbed from the

against very high concentration gradients caused

tion. If the demand of the bdy is high, distal

tubule into the plaam

~ the continued reabsozp-

reabsorption may remove the

last trace of sodium from the urine. %reover, this final separation of ‘
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sodium takes place at same point in the distal tubule where the wall is

impermeable to water. Again, to satis~ electrostatic forces, chloride

ions, together with other anions, accomp~ the sodium passively. Hence,

an actual separation of sodium chloride and water occurs here.

A collecting system of ducts receives the urine produced~

each nephron and, combining the minute flows, delivers the urine to the

bladder.

The glomewlar filtration rate in man averages 130 cc per tin (~).

The urine flow, however, averages 1.0 cc per minute in the nomnal man (6).

Thus, approximately 129 cc per minute are reabsorbed in the tubules of

the nephrons. During msximal water diuresis, the amount ofurirs produced

may be as high as 20 cc per min. The volume of the human glomerulus

averages 0.0042 cu mm. Thus, in each of the 2,000,000 glomeruli, approxi-

mately 0,001 cu mm of filtrate is formed per second. The blood flow

through the two kidneys is approximately 1200 cc per min. In order to

accommodate this flow, 0.01 cu run of blood, two and a half times the

volume of the glomerulus, must flow through the glcmerulus each second.

Values for the total filtration area of the two human kidneys have been

calculated at 1.56 (7) and 0.76 sqm (8). Thus, the filtration rate for

the normal healthy kidney is somewhere” between ’770 and 1S80 cc per

sq m per min. This is based on the total applied load to the filter.

In terns of the mount ofltquid penetrating the filter, the 130 cc per

tin, cited above, 187 Uters of water are filtered from the plasma each

day. Thie is approximately SO timesthe volume of plasma in the body

~d Is times the volume of the extracelluhr fluid. In processing this

qyantity of fluids the kidney tubules must reabsorb 185.5 liters of
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water, 1100 w of sodium chloride, 425 gm of sodium bicarbonate and 1* gm

of glucose plus quantities of phosphate, andno acids, vitamin and

other compounds (9). The final-product of the kidneyin this period of

one day is 60 gm of urea and other wastes in 1.5 liters of urine. The

ener~ expended and work performed kg the kidney is solely in reabsorbing

material from the forming urine as the energy for the mechanical fil-

tration isJ supplied by the heart.

Evidence supporting the mechanical filtration fhnction of the

glomsrulus has been obtained through renal ‘clearance~ experiments.

Clearance is defined as the ratio

the given zubstance in the urine,

minute and B is the concentration

W/B where U is the concentration of

V iS the volume of urine formed per

of the substance in the blood. W, ‘

then, is the amount of the substance excreted per mimrte. Then the

clearance, W/B, is the emount of blood which must be filtered to yield

the amount of the given substance found in each ndnutets flow of urine.

If effects due to reabsorption and secretion could be eliminated, the

clearance would provide the true filtration rate. Substances$ such as

inulin and creatinine, which the tubules neither reabsorb

have been simultaneously administered to the’blood stream

antes of the substances has been found to be equal. This

nor secrete

and the clear-

fact is evidence

that glomerulsr function is simple filtration since, if reabeor~on qf

secretion were factors, it would be very unlikely that such dissimilar

substances would be reabsorbed or secreted in the same quantities.

Glomerular pore size has been established ~ electron micro-

scopy at appro~tely ~0~. in radius (10). Approximately five percent

of the total surface of the glomerular membrane is occupied @ these

pores.
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in addition to the absorption of electrolytes and other solutes

~ the kidney tubules, there is evidence that water is also actively

reabsorbed (U). This is in addition to obligatory water reabsorption

in which water passively accompanies the reabsorbed mlutes in order to

mslntain osmotic equilibrium. The active process is promoted ty the

presence of antidiuretic hormone and may reabsorb as much as 20 cc of water

per minute inman. This !Ifaculative reabsorptionli is believed to be con.

fined to the distd portions of the nephron and probably the dist&l seg-

ment as well as possibly the collecting ducts. Faculative reabsoWfiion

is activated W the bcdy water requirement. When this reabsorption is

in abeyance, the urine flow is large and the urine is osmotically very

dilute because of the reabsorption of sodium chloride in the distd tubule.

Conversely, when faculative reabsorption is activated, the urine flow is

small and the urine is concentrated. It has been shown (12) experimentally

in the dog that water can be reabsorbed actively in the absence of anti-

diuretic hormone, but only under extreme stress and conditions that are

not compatible with life (13). In terms of reclamation of saline waters,

the process of electro~e reabsorption and the process of water re-

absorption are both of interest since either could be used to advantage.

Ofprim~ interest to any practical application of renal

~nciples is knowledge of whethm renal action is controlled by the

nervous ~stmn. If nervous control dictated kidney action, it would

tremendously compcund the problem of analyzing the alxeady obsoure mecha-

nisms separating salt and water. Surgical experimentation with animals

has been used to investigate the role of the nervous system in kidney
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finction. Hiatt (I&) reporting OXIdog lddney experiments statee that

kidney circulation and function are probably not nomnally under tonic

nervous control, Contrary to these findings, Kaplan, West and Foman (15),

stud@ng effects of unilateralditision of splanchnic neme on the renal

excretion of electrolytes In dogs, cite etidence that denervated kidn~s

excreted sodium, chloride end water at increamd rates. Trueta et al (16)

found renal circulation to be subject to nervous control in that the flow

may be shunted from its normal pathway in the cortex to a pathway through

the medulla due to shock. This, however, does not indicate that euch

control is normally exercised. $mlth (17) states that denemation has

little or no effect upon kidney flow or urine composition.

The adrenal glands play an important part in sodium absorption

and excretion in the kidney. The hormone aldosterone excreted ~ these

glands, was shownby Luetscher and Ourtis (18) to be related to the ex-

cretion of sodium. They found that aldosterone promotes the retention of

Eodlutn and the excretion of potassium. Luetscher (19) later quantified

this relationship and showed an inverse proportion between the subjectts

sodium excretion and the quantity of aldosterone in the urine. Surgtcal

expedients performed on dogs @ Datis, Howell and Hyatt (20) induced

cardiac failure ~ ligature construction of the pulmonq artery. Renal

sodium excretion was studied in relation to hormone treatment administered

to the falling animals. Deso~corticosterone acetate was found to be cap-

able of inducing complete sodium retention. lhddence that the adrenal glands

can promote sodium

cited by Ledingham

balance other than by inducing sodium retention was

(21). Studying nephrectomized white rats under various
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conditions of fluid and salt administration, he found the adrenal to

act in two additional ways in controlling the oemolarity of the

expanded extracellular fluid volume. The~e were by withdrawal of sodium

from skeletal muscle and by diminishing the intake of water. That the

adrenal glands may also have a positive effect upon sodium excretion

was indicated by Share and Hall (22). Dogs were adrenalectomized and

continually injected with sodium chloride solution. It was deduced that

adrenalectomy impaired sodium excretion~ but this was believed due to

reduced filter load. Urine volume was apparently determined primarilyby

the rate of solute excretion, with approximate direct relationship between

urine volume and the sum of the potassium and sodium excretion rates.

Despite the rise in sodium excretion due to the infusion of sodium chloride

into the bloodstream, the rate of sodium reabsorption was rapid and high.

A possible relationship between congestive heart failure and !wdiurn re-

tention was found byllader, Yoshikazu and Tseri (23). Nve patients

showed high initial excretion of sodium followed by a sharp reduction,,

A sharp cellular uptake of sodium occurred with-recovery.

Since the glomerulus will not pass protein and other large

molecules, these molecules exert an osmotic effect on the %pstreemn

Bide of the membrane. Under conditions of osmotic equilibrium, this effect

must be counterbalanced on the ‘downstream~ side with the result that the

electrolyke~, although freely diffusible through the membrane, will not be

distributed equally on both sides of the membrane. This effect is quanti.

fied @ the Gibbs-Donnan

of diffusible monovalent

&lbbs-Donnan eq@ilxrbnn

equilibrium. Where

ions and an ionized

~ be written (24)

the system contains a number

salt of protein, NaR, the

in the form of an equality



of ratios of ion concentrations:

(Cl-)l (HC03-)1
+

(Na )2
+

(K )2

(cl-)* (HC03-)2 (Nat)l (i*)l

For mammalian plasma and glomerular filtrate, the

chloride, (C1-)#(Cl-)p, has been detetined (25)

for sodium, (Na~~/(Na+& as 0.95 (26) at 6 gm of

Donnan factor for

as 1.02, and the factor

protein per 100 ml of

plasma.

The average normal. plasma is reported (27) to have the following

concentrations and distribution of electrolytes.

Ion swum Serum Water Interstitial Intracellular
(ml@’L) (hXq/L) Fluid (mEq/L] Fluid (@L)

Sodium 142 153 145
Potassium 4.3 $.; :.: 15;
Calcium 5*O ● .*
Magnesium 3.4 3:7 2:4 20
Chloride 104 112 118 3
Bicarbonate 27 29 30.5 10
Phosphate 2.3 . . . .m. ● mw
Sulfate 0.6 .,. ● .* &*u
Protein 16 . . . ● ** ● **

The cells must therefore maintain a sodium imbalcnce of more

than one to 20 with their environment, and, sidlarly, a chloride imbqlance

of nearly one to 140.

Kidney function adapts very rapidly to shifts imposed on the

body sodium balance. Robinson and coworkers (28) exposed men to ex-

treme heat and obsemed the effects of imposed salt deficiency on renal

output and sweat. Salk retention of the kidtieys

a delay occurred before the sweat glands raluced

chloride in the secretions.

began immediately, while

the concentration of sodium
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The total electrol@e composition of the plasma is one of the

most finely regulated features of the human body. The quantity of water

retained in the body is dictated by the necessity for maintaining a con-

stant osmotic pressure in the plasma. This,

to, both subsequently and subordinately, the

ingested rapidly withcut sodium, is excreted

however, is directly related

retention of sodium. Water

completely in a few hours.

However, the ingestion of normal saline solution does not result in in-

creased excretion of water (29). The excretion of sodium is not independ.

ent, but is associated with the excretion of some anion, usually chloride,

which follows passively to maintain electrostatic neutrality. Bi.

c=bonate ions will interchange with chloride ions in accomp~ng the

Bodiunh Chlofide ions appear to play no specific role physiologically (~).

Thus, they are not bound in qmanner, but are free to move in satis&-

ing electrostatic and osmotic requirements. Since sodium may be bound,

equal quantities of ingested sodium and chloride ions my be excreted at

very different rates because of readjustment of other ~on~ -d cations.

As indicated above, it is mostly the chloride which interchanges rather

than the sodium

Other

little is known

It is believed,

the ions (31).

or other cations.

than that metabolic energy is expended in the process,

about reabsorption of sodtum and chloride ions in msmmls.

however, that independent mechanisms operate for each of

In alkalosis, bicarbonate ions are excreted in preference

to chloride ions, and, when the adrenal cortex is removed, sodium is

excreted while potassium is not. The ability of the mechanisms to

distinguish between sodium and potassiuin indicates that the processes

must be highly refined.



-15-

The rapidity with which ion transport can ocour in the lcldney

was demonstrated by Whittam and Davies (32). l%ey incubated kidney

cortex slices in a saline medium under aerobic conditions. Euring the

first five minutes of incubation at 37° C, the slices increased their

sodium content by 60 per cent. Maintenance of the sodium concentration

gradient was found to be dependent upon the ener~ derived from respi.

ration. Krakusin and Jennings (33) experimented with liting rats &

infusing veins with Na22
under various conditions of sodium balance and

removing and sectioning the kidneys. Radioautographs were made of the

sections and showed the progres~ of the isotope through the kidneys as a

function of time. They found that sodium equi~brium between the intra-

VaSOUk ~d extravascular, extracellul~ f~id Occurred ~thin ~

minutes. A high percentage of sodium reabsorption was shown to take

place in the pro= tubules. The uptake of sodium in sodium deficient

rats was found to be more rapid and greater than in normal rats.

In all msmalian kidneys, blood reaching the tubules first

passes through glomeruli. All vertebrates below mammals have a double

blood supply, the afferent glomerulsr vessel and the renal portal system @).

Certain species suoh as the toadfish and the goose-fish do not have

glomeruli. This means that allmatetial excreted through the kidney must

be absorbed through the tubule wall. This accounts for the fact that

glomemlar kidneys axe able to excrete almost all foreign substances

injected into the body while aglomerular kidneys can not. %ch sub-

stances as ferrwyanide~ cyanol, xylose, sucrose and inulin are not

excreted, apparently because they cannot diffuse or be transported

through the tubule wall.

—
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As a consequence of accepting the evidence for the action of the

glomerulus as an ultrafilter, it is necessaq to conclude that reabsorption

of salts, sugar, amino acids and other vital complex substances occurs in

the tubules. Otherwise the body would be rapidly depleted of many of its

tital constituents and death would quickly follow, With this strong

foundation, research has been largely devoted to determining the sites

and mechanisms of reabsorption rather than merely that it occurs.

Richards (35) and his coworkers developed micromanipulative and chemical

analysis methods to locate these sites. By being able to puncture sin-

gle lcldneyzells of the bulmog and extract the fluid, theg determined con-

centrations of varioun substances in the glomerulus, the proximal and the

distal tubule. BullfTog kidneys were perfhsed with a solution of the

substance to be studied and the change in concentration was followed

through the course of the solution through the nephron. They found that

glucose reabsorption was generally complete before the proximal tubule wa~

traversed. It was shown that glucose was not reabsorbed in the distal

tubule by perfusing the distal tubule with glucose and finding the same

concentration being excreted. The method showed that the final and

selective reabsorption of sodium occurs in the distal tubule. In the

frog, the reabsorption of salts is greater than the reabsorption of water

with the result that the urine of the frog is hypotonic as compared to

that ofmamals which, except under conditions of salt demand, is hyper.

tonic . Phlorizln was found to inhibit completely the reabsorption

sugars while not affecting the reabsorption of water or chlorides.

of

Other
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metabolic poisons, such as oyanide and urethanes were found by

David (36) to block all reabsorption. The microchemical technique

suffers from the deficiency that it is impossible to determhe by

direct measurement how much water is filtered in any glomerulua and,

consequently, how much water is reabsorbed in the tubule.

Hoshiko, Swanson and Visscher (37) perfused bullfrog Hdneys

with isotopes to establish control values of transport across the

renal tubule. Aerobic energy ~stem poisons were then administered

and the effect on transport studied. The authors concluded that the

reabsorption of sodium was reduced

may be questioned, however, on the

essentially to zero. The conclusion

grounds that the controls showed a

tendency toward reduction of reabsorption

were injected.

!3@dence of the rapid transport

of sodium before the poisons

/

of water in the tubule of the

bullfrog kidney was cited ~ Swanson and his coworkers (38). Bullfrog

lddneys were isolated surgically and perf’med with D20. The ~0 moved

freely across the renal tubule to establish equilibrium. Ninety

percent of e~ilibration occurred before one percent of the prbal

tubule was traversed.

Hoshiko (39) also perfused bullfrog kidneys to determine tie

effect of temperature upon reabsorption of sodium. He found the initial

reabsorption rates to vary directly with temperature, ard that these

rates decreased immediately, The rate of decrease also varied directly

with temperature. He stated that sodium reabsorption ig a chemical

reaotion, or, more precisely$ a complex chain ok chemical reactions.
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Other temperature aperbnents were performed ~ Smith (LO) and Bass and

Henschel (41). The fomer found little alteration in concentrations of

serum electrolfies in dogs cooled to temperatures as low as lh” C. The

latter found that cold increases the excretion of urine and the concen-

tration of sodium chloride in it. On the other hand, they state that

plants, insects and animals protect themselves from freezing W excreting

water which increases

ing po%nt. Most data

volume which probably

internal salt concentration and lowers the freez-

indicates that heat causes an increase in plasma

reflects a shift of interstitial fluid.

Cheek and West (42) studied rats under a potassium restricted

diet and performed ionic analyses on the sacrificed rats. They found an

increase in body sodium content, indicating an attempt to substitute

sodium for needed potassium. This may show some comection between

potassium and sodium reabsorpti~n at least insofar as the demand

mechanism is concerned.

In eqerimenting with the goat, Anderson andMcC- (~3) found

that electrical stimulation of the hypothalax’m automatically activated

the drinldng mechanism of the animals. The stimulation also inhibited

water diuresie. This may indicate the hypothalamus as being the seat of

a control mechanism affecting the reabsorption of water in the kidney

tubules.
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B. Intestinal ~cosa and Secreton (hands

In order for scdlum ad other solutes to reach theblood stream,

they must pass through the gastrointestinal wall. The amount of sodium

lost ficm the body via the gut is small in ths normal state (u). l&-

cept in cases of vomiting or diarrhea, almost all of the ingested sdium

Is absorbed into the blood stream. Cushny (45) detected a potential

difference across the gastric mucosa in mammals and frogs. He associates

this potenfii~ dlfferencb dith’aotive transpcrt.

Absorption of sodium chloride into the colon and the distal

part of the mall intestine was observed ty Budolfsen (46). He found

that the amounts of sodium chloride absorbed increased in a line= fashion

with the concentration applied. This relationship continued until the

concentration of applied sodium chlofide solution exceeded 1.25 percent.

When the concentration exceeded 1.95 percent, the absorption decreased.

The amount of sodium absorbed from solutions varybg from 0.1 to O.~

percent sodium contentwae appradmately 65 percent of the administered

load in the small intestine, and appaofimately 60 percent in the colon.

When administered to the colon, approximately 60 percent of the sodium

was absorbed ty that tissue. Maximmmuptake of sodium In the small in-

testine was 3.42 groper hundred gm of tissue, and this was 2.64 groper gm

of tissue in the colon.

Weiss (47) studied potassium and sodium absorptionin the

duodenal cell with the electron microscope. He found evidence of physio-

logical transport and suggested that cations maybe somehow segregated~

the cell in amanner that makes them osmotically inactive. This would
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agree with the fact that the amount of potassium found in the cells would

be ordinarily expected to cause considerable swelling if the potassium

were osmotically active. The swelling, of course, wouldbe caused~

water enteting the cell in an attempt to bring about osmotic equilibrium

between the intracellular and extracellular fluids. However, observation

shows that the ewelMng does not occur in the living cell.

It is generally believed that active transport of sodium occurs

in the mucosa of the intestine and that aerobic metabolic ener~ is ex-

pended in the process or processes. Although still obscure, the mechafi~s

are probably similar to those operating in the kidney and other sites of

active transport.

The ciliary epitheliums of the eye is made up of two layers of

what Davson (48) believes to be secretory cells. The cells of this

tissue seemto excrete

essentially a solution

The main cation in the

is speculative, but it

a continuous supply of aqueous humour which is

containing the dissolved constituents in plasma.

humour iS

is likely

the cellular tissue and secreted

port must

excretion

sodium. The actual mechanism of wmetion

that the substance is elaborated within

by active transport.

The sweat glands also secrete sodium chloride. Activ@ trans-

occur here to ewlain the control that is exercised over sodium

through these portals. This was preciously mentioned in dis-

cussing the work of Robinson and

the sweat glands retained sodium

extreme heat.

his cowbrkers

chloride when

(28) which showed that

men were subjected to
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C. Amphibian Skin and Fish

A phenomenon which

the ability of isolated frog

has been known and studied for many years is

skin to transport sodium chloride from its

outer to its inner side. A section of skin placed as a membrane between

a saline solution on the inside surface and a lesser or nonsaline solution

on the outside surface will continue to transport salt Wnmrds~ for

several hours in vitro. This is an active transport process which works

against the concentration gradient. As the result of the active transport

of sodium ions inward,a measurable potential is generated across the skin.

Zerahn (49) found that the potential across the sldn depends on the o~gen

supply to the skin. Since the potential ie proportional to the rate of

active transport of sodium which generates it, this is interpreted to

demonstrate that the source of the ener~ expended in active transport is

aerobic metabolism. In experimenting with a section of frog skin seven

square centimeters in areaa he obtained the following mean ~al~e~.

...

h Na Oxygen Consumption-”
~ (uEq/hr), ‘—@tihr f In% of 1 nil/gr/hrTotal

1-
b Na

r
~

------’-103’”1-=’””- ‘o’”+--=+= “I8.9b ,6.2S; 1.941 74
,— 1 L 1 —.—-

Iti is thus seen that the consumption of oxygenis approximately

20 percent of the amount of sodium transported when both are measured in

equivalents. F&placing distilled water in contact w?.th the outside

surface of the f’rog skin to eliminate mdium transport$ Zerahn found

that the mount of oqygen co&umed by the skin was invariably less thpn
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when sodium transport oamrred. When ~gen was denied to the skin, the

transport of sodium fell drastically in 20 to 40 minutes to about 10 to

20 percent of the aerobic vslue. His calculations showed that the net con-

sumption of oxygen Is large enough to supply the energy required for the

transport, This energy was calculated as l,3h0 -2,680 gm-cal. Assuming

one equivalent of ~gen to equal 25,000 gm-cal, and taking the net con-

sumption of cuqqgsn at the experimentally determined 20 percent of the sodium

increment transported, this leaves a maximum of S000 gm-cal available per

equivalent of sodium transported. Since this amount of energy is sufficient

to accoqlish the transport, it appears that the calculated energy reqplmm.,

ment of 1,340 - 2,680 gm-cal is not ve~ fer from the actual requirement.

Work with skims from Rana temporaria, Rana esoulenta and Bufo bufo also pro-

duced the 20 percent figure, The quantity was apparently independent of

oxygen tension, and the administration of hormones.

On the other hand, haf and Renshaw (S0) found that whtle ion

transport decreased to 20-40 percent of its aerobic value in anaerobic

tests, this reduced level of transport continued for some time. They

assumed this to indicate that the transport process is not strictly aerobic,

but that it is dependent upon metabolic energy that canbe supplied~

either aerobic or anaerobic pathways.

Huf and his coworkers (51) found that optimum uptake of sodium

chloride by isolated frog skins occurred when the skins were maintained in

a solution containing one to five ticroequivalents of potassium per mlll.l-

liter. Under these conditions sodium chloride uptake averaged 0.90

microequivalents per square centimeter per hour. The potassium was trans-
.

ported from the inside to the outside of the sldn, opposite to the direc;

tioq of sodium chloride transport, at the rate of approximately 0.03 micro-

equivalents per square centimeter per hour. It thus seems that the
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presence of potassium may be essential in w solution from

skh transports sodium chlofide.

Simultaneous measurements of active ion transport

consumption were

number of sodium

from 2-13 with a

which frog

and o~gen

made on isolated frog skin by Leaf and Renshaw (52). The

ions transported per moleoule of oxygemconsuimd ranged

mean of 6.82. Sodium transport was in the range of one

to three microequivalents per square centimeter per hour. The accompany-

ing quantities of ~gen consumed ranged from O.Z-O.& micromoles per

square centimeter per hour.

Ussing (53, 54) used tracers to study active ion transport through

isolated frog skin. He found the sodium influx to be 0.1-0.3 ndcromoles

per square

percent of

difference

centimeter per hour.

the mean inflti. The

of 30-110 millivolts.

The mean outflux was less than ten

excess influx took place against a potential

This again confirm# that the transport

is an active one requifing the application of ener~. Useing attempted to

locate the site of active sodium transport. Frog skin consists of two

layers, the mesodermal chorion and the ectodermal epithelial layers.

The chorion is built up of connective tissue containing

smooth muscle cells. Just beneath the epithelial layer

tains a number of chromatophor cells. The chorion is a

blood vessels and

the chorion con-

meahwork and

presents no serious obstacles to diffusion. Hence active transport would

not be needed or utilized there. The epitheliums consists of only two or

three layers of cells. The active transport is ascribed to the single

layer of cells nearest the

are cylindrical in shape.

chorion, the stratum ge~nativom whose cells

If correct, this means that the cells of the
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cell membrane only.

cated a single layer
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extrude sodium and chloride ions through the basal

It is etiremely interesting that Useing has impli-

of cells as the site of active transport in the frog

skin. This is because workers in the past have ascribed the ability of

the frog skin to transport sodium to the ve~ complex structure of the skin

Ussing~s finding tends to place active transport in the frog skin in or

more nearly in the general catego~ of otier physiological mechanisms

exhibiting active transport.

Linderholm@42) found that the current produced by the short-

circuited frog skin is apparently due entirely to the flux of sodium ions.

The current expressed in equivalents ofgrsm ions (F’aradays) per unit time

is the same as the net flux of sodium ions. The net transport of sodium

chloride for opemircuited skin was approximately 180 ticromicromoles per

square centtieter per second. This applied when the concentrations of

the solutions on both sides of the skin were the same. The total energy

released ~ oxidation was approximately 6.5 ticrocalories per square

centimeter per second which is approximately 27 microwatt per square

centimeter. five to 10 percent of this was believed available for sodium

transport. Tracer studies, however, indicated that only three to five

percent of the energy released ~ oxidation is needed for sodium transport.

The transport mechanismin the frog skinis probably similar to that

In’the kidney. LowpH inhibits active transport of sodium, and, there-

fore, so does the addition of carbon dioxide. The effects of drugs were

explored andmersalyl was

increased sodium chloride

per square centimeter per

found to decrease transport while aminophylline

transport from 174 up to 288 micromicroxnoles

second.
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found to behave similarly to frog skin by Keynes

that exhwion of sodium from muscle could be

about 10 percent of the ener~ available from

resting metabolism. Van der Kloot (56) confirmed this action of the

frog muscle and found that the process could be prevented ~ previous

exposure of the muscle to the irreversible anti-cholinesterase hexaethyl-

tetraphoaphate. It was concluded that cholinesterase is essential for

active sodium transport and that a source of high-energr phosphate bonds

is required to provide the energy although the means by which the ener~

is actually applied remained obscure.

Fish must also have a mechanism for absorbing salts from their

environment. In the case of fresh water fish, the absorption is against

the concentration gradient and active transport is indicated. It would

be e~ected that, in the interest of conserving the accumulated ions, the

skin of fish would be impermeable to the ions. Davson and Danielli (57)

point out that this is not the case. The gold fish, for instancey C= be

readily depleted of its salts merely by continually washing it with

running water. Here, again, iH evidence that ener~

expended by the organismto maintain its accumulation

internal concentration of the ionsexceedsthat (of the

Krogh (58) showed that gold fish can abeorb

through the gills, including the absorption

potassium, ammonium and calcium chlorides.

ions from

must be constantly

of ions when the

environment.

the etironment

of chlorides from sodium,

This is in addition to an

apparently indepmdent mechanism for absorbing cations such as sodium.

Thusj wMle fish absorb vital Ions through their gills, It seems that

active transport must also take place in the ion-permeable skLn to prevent
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the loss of these ions.

Salt water fish,as pointed

opposite problem. The environmental

that of the fresh water fish and the

water tends to draw water out of the

membranes and the slcl.n. The limited

is not enough to

Hence, th~must

water from which

out by Smith (59) have exactly the

osmotic gradient is reversed from

higher osmotic pressure of sea

body through the gills, oral

quantity of water formed ~ metabolism

replaoe the amount that would be lost in this manner.

prevent the loss of this water or replace it from sea

they must also obtain water for urine formation. Salt

water fish accomplish this ~ drinking sea water, absorbing the sodium

chloride and water through the gut, and excreting the @odium chloride

through the gills. This leaves relatively salt-free watey in the

body. The process reqpires that practically all the sodium chloride in

the ingested seawater be excreted against an osmotic premure gradient.

Active transport is necessarg to extrude the sodium, while the chlorine

follows passively.

D. Plants

Like animals, plants

of vital ions. In order to do

very similar to that exhibited

stateb that the absorption and

must accumulate and maintain concentrations

this, it seems that active transport,

@ the animals, is required. Sutcliffe(60)

translocation of mineral salts in plants

cannot be explained entirely in terns of known physico-chemical

phenomena. The accumulation of ions against concentration and electrical

gradients seems to depend on a mechanism deriving its ener~ from aerobic

metabolism. Ion accumulation in the vacuoles of individual cells and in
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the stele of roots and probably also the transport of nrtnerals in the

phlmm are given as examples of active transport.

Hoagland and Davis (61) first showed that plant cells accumulate

ions in their vacuolar sap at concentratione many thes higher than that

of the surrmmding medium in which the plants grow. Electrical conductiv-

ity measurements indicated that the salts are presentin a largely

dissociated form so that the maintenance of the concentration gradients

cannot be explained on the basis of binding of the ions to cell con-

stituents.

Based on findings that the absorption of minerals in roots

occurs most rapidly near the tips where growth is rapid, Steward and

Preston (62, 63) concluded that ion accumulation is closely associated

with protein ~thesis, Growth may influence ion absorption indirectly

by an effect on the internal concetiration of ions. Jacques (64)

observed

when the

of water

that a species of algae

osmotic pressure of the

or ion translocation to

increases its rate of ion absorption

sap was artificially reduced. The rate

other parts of the plant may also in-

fluence the rate of uptake in the root.

Salt uptake in plants seems to be more closely related

o~gen uptake than to carbon dioxide evolution. Lundeg&dh and

to

Burstr~rn (65, 66) first showed a quantitative relationship between the

rate of owgen absorption by isolated wheat roots and the rate of ardon

uptake. The release of carbon dioxide may continue when ion accumulation
\

has stopped.

Hoagland and his coworkers (67) and Rosenfels (68) found that

light influences the uptake of salt in Nitella and Elodea. Afisz(69) showed



-2 Pl -

that light stimulated the absorption of mineral salts by leaves of

Vallisneria even in the absence ~f external carbon diotide. Continuing

his work, Arisz(70) demonstrated that when the leaves of Vallisneria were

exposed to light they showed a fairly constant chloride absorption, me

ions were secreted into the cell vacuole. Chloride could be accumulated

in any part of the leaf exposed to light. Transport of the absorbed

chlorides from the absorption sites to other parts of the leaf also re.

quired light. This transport was accomplished without loss of ions to

the outer solution.

Overatreet and Dean (71) also found the absorption of ions from

soil by plants to require the expenditure of energy ~“the plant. No

accumulation occurred in the absence of respiration and other metabolic

activities usually associated with growth. This was found true for both

anions and cations. For each ion entering the plant, however, one ion

nwt leave. Anions are absorbed in exchange for hydroxide and bicarbonate

ions, and catione are exchanged for hydrogen ions.

Epstein (72 ) produced further evidence that the respiratory

system is involved in ion transport by plants. The demand for o~gen

for active transport was shown by growing plants in distilled water and

measuring their respiration. When ions were added to the distilled water,

the o~gen demanded w the respiratory System of the plant increased.

Russell and Ayland (73) ”f~und, thrbugh isotbplc competition studies, that

diffusion was not signific~t in determidng the rate of entry of ion~

into plant tissue. The transport process depended on exchange reactions

at or near the cell surface.

It is thus seen that the pattern of ion transport in plants,

is quite 8imilar to that inanimalsj at least at the present stage of
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knowledge. Ion transport will be discussed further in the section

entitled ‘Active Transport as a Cellular Phenomenont! since many plants

of particular intereet are unicellular.
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IV. Active Transport as a Cellular Phenomenon

A. Unicellul~ OrRanisms

So far we have exandned liting organisms in descending order of

complexity and found active transport energized w metabblio p#ocenaes’unl-

versally displayed in both the anbal and plant kingdoms, It is eurprieing

that at each level of life the organism can accomplish this whether or not

it possesses a highly speciald.zed organ, such as the human kidney, develo~

to perform the ftmction. While the electrolyte balance problem of plants

is uncompl.iaatedby the process of bulk ingestion that confronts animal

systems, except for glomerular action plants must perform ths essentials of

kidney function with regard to inorgania ions. For the purpose of practi-

cal application of physiological processes of ion transport to sallne Water

conversion, the simpler the organism that can perform the function the

more interesting it is. This is obviously because simpler organisms are

easier to stu@ or utilize even though the mechanisms of interest may be

the mane or as complex as those in higher forms of 11.fe. Accordingly,

the active transport of plants was discussed in the preceding section,

However, active transport of sodium, chloride and other ions occurs not

only in the larger plants, but in the simplest complete form of life, the

single-cell plant.

Conway and his coworkers (74, 75) found that yeast cont~ning 60

millimoles of sodium per ldlogram of the centrifuged cells were able

actively and epecifica15y to extrude sodium. The rate of extrusion was

detemdxmdwith isotopes and found to be more rapid than that in rat

muscle. The half period for the extnsionin theyeastwaa approximately
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35 mimtes at 37° c and 100 ~~tes at-m te~era~~e. ~cretion ~d not

occur when 0.1 molar sodium chloride solution was added to the suspending

medium unless a 0.1 molar solution of potassium ions was also added. It

thus appeared that potassium ions exchanged inward for sodium ions ex-

tmded. The transport was found to be active and to reqpire otigen. It

was believed that the transport mechanism achieting the exchange cif the

two ions were different or, more specifically, that the transport was

carried on by different phases of the same mechanism.

Active transport

plants in the algae group.

vacuolar sap of Nitella is

also occurs in unicellular photosynthetic

Hoagland and Davis (61) demonstrated that.the

predominantly a solution of salts correspond- ‘

ing in conductivity to a 0.1 nomnal sodium chloride solution. Fresh

water Nitella were taken from a pond and the sap extracted for chemical

analyses. The following data compares the concentrations of various

ions, including sodium and chloride, ti the sap to the concentrations of

the ions in the pond water in terms of parts per million by weight.

Ion K Na Ca Mg Cl SOL Po~ N03

Cell Sap 2120 230 410 430 3220 ‘:;800 350 0

Pond Water O.? 5 31 41 32 31 o.h 0.S

Cone. Facto%.. 46 13 10 100 26 870 . . .

Sap concentrations in hydrodictyon were reported~ Blinks and

Nielsen (76). The concentration factor of potassium in the sap over the

concentration in the environment was approximately 4,000. Scott (77)

studied the relationship of electrolyte environment to chemical composition

of Chlorella Pyrenoidosa, a unicellular fresh water algae. He found that

a deficiency of potassium, magnesium,sulfate or phosphate lead to ceseation

of reproduction. Mineral constituents of the c’ell could not be removed
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~ suspending cells in distilled water far two hours, indicating that the

ions are either bound or that active transport, or both, are responsible.

It is presumed this experiment was conducted in normal laboratory light.

Some marine unicellular algae vigorously extrude sodium. Living

in seawater with a 0.498 molar sodium content, Valoniamacrophysa and

Valonla ventficosa were found ~ Osterhout (78) to have sap sodium con-

centrations that were 0.09 and 0.03 molar respectively. Other unicellular

marine algae in the sea water concentrate sodium in the sap. Halicystis

Osterhoutiil for instance, accumulated a aodiummoltity of 0.557 in its

sap when suspended in sea water of

native to s&ne or brackish water

$~though a systematic presentation

the literature.

0.498 sodium polarity. Other algae

concentrate sodium to higher degrees

of this

The algae are able to accumulate

information was not found in

considerable quantities of

salt and hold them against high concentration gradients or, depending cm

the species, they may resist the intrusion of vsrious ions, again agslnst

high concentration gradients. They are organisms of considerable interest

to the sallne water conversion problem.

B. Cellular Activity

The similarity in the mechanisms ~which ion tran~port is

actively accomplished extends not only from organism to organism, but also

to the cells of each organism. By means of its kidneys, intestines,

secretory glands, gills, slctn~ roots or other organs or psrts$ the

organism muat regulate its total electrolyte composition by accumulation

from and excretion to the environment. The organismmst go one step

further, however, and distribute these electrolytes between its etira-

cellular and intracellular fluids. Each individual cell must maintain
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tital differences in electrol@e concentrations between its fluid and the

environment of extracellular fluid constantly bathing the cell. Thus,

despite the fact that highly specialized organs may transport ions for

the total body balance, physiological ion transport is autiversal

cellular process in macro organisms just as it is in unicellul= organisms.

The mechanism by which cells transport an ion actively is frequently

called a “pump.’” Thus the human e~hrocfie is stid to

pumpl~ among other types of. pumps. Wilde (79) f-d the

maintained ~ this sodium pump to be approdmately 3.08

per liter of cells per hour. The pump was operating at

have a%cdium

sodium influx

milliequivalents

60 percent capacity

when the external sodium concentration was 143,5 milliequivalents per liter

of medium. The computed energy ~ended ~ the pump was 6.o calories per

hour per liter of cells. He concluded that the energy requirement of the

sodium pump consumes inch. less of the total available ener~ than was

first thought.

An interesting fact

reported by Greig and Gibbons

pertinent to the object

(8o). When human blood

of this study was

was refrigerated,

the erythroc~.es lost potassium and gained sodium. Upon warming tie

erythrocytes to 37° C in an appropriate substrate, the reverse ooourmd.

The fact that the reaction was shown to be reversible indicates that the

pump meybe stopped by deprivation of energy, but that, once

supplied with energy, it till again function. This may mean

pump action canbe controlled so that cells might be used to

sodium from one solution to another.

again

that tho

transport

Hunter and his coworkers (81) allowed chicken erythrocytes

to incorporate sodium from solutions 0.9 IV in sodium chloride. The
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incorporation rate increased with time. At the end of 40 hours, the

cells had removed as nmch as 16o milliequivalents of sodium per liter of

cells, Assuming that chloride followed passively, this would be 9.35 ~

of sodium chloride removed per liter of cells over the btiour period. I

I

I

I

I
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V, Biological Membranes

A. The Cell Membrane.

The site of active transport in cells is the cell membrane,

Conway (82) and most investigators believe that the transport is ac-

complished by enzymes operating at the membrane surface. Ewidence that

some enqnnes are present on the exterior of the cell membrane is cited ~

Rothstein (83). The enzymes apparently forage the environment for specific

ions andwomehow catalyze the transport of the ions through the cellmm-

brane.

There is considerable interest in the special physical properties

of the membrane that are associated with active trsnsport. Electrical

conductivity is a tool that has been used in investigating the membrane.

H;ber (84) introduced the use of conductivity measurements when he found

that, although the interior of the cell had a high conductivity, the con-

ductivity of the cell membrane was very low. 1?% membrane resistance

measurements it has been calculated (85,86) that the cell membrane is

approximately 30 - SO ~ thick. This was based on an assumed dielectric!

constant of 3, which was believed to correspond to the type of material

composing the membrane. Some invest-igators believe the dielectric constant

might be considerably higher and have, therefore, estimated the membrane

thickness as high as 1$08. For the sake of comparison with synthetic

membranes, it might be mentioned that the thinest collodian membranes made

are approximately 1,000 i thick.

The high resistance of the cell wall is due to the extremely

I

small permeability of the membrane to ions. Under an applied potential,

ions move through the cell membrane in apericd of time that is about equal
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to the time they require to move through a 100 cm layer of 0.1 normal

potassium chloride (87). This indicates that the membrane i~ about 109

times 2esH permeable to ions than the potassium chloride solution.

The death of a cell is accompanied by a sudden and great in-

crease in permeability to ions. The trout egg, for instance, ie imperme.

able to salts and normally exhibits a clear yellow color. After death,

however, the internal salts leak out rapidly leaving the cell with a

cloudy white appearance due to the precipitation of yolk globulins. This

reaffirms the conclusion that metabolism is associated with the ion perme-

ability and transport properties of the cell membrane. Further support

may be deduced from the ability of some narcotics to inhibit ion transport.

The means tywhich narcotics produce this effect, however, is still a

matter of considerable debate among investigators.

With many variations, three principal types of physical models of

the cell membrane have been offered by investigators. The

that seems to find increasing support (881, visualizes the

porous. The wall consists of protein and @oid molecules

thin ~lflakeslt which are then stacked to form the wall. The structure is

continuous, hating mall slits with special properties. Transport takes

place through the slits. The second modelis that of ~ ~O~~inUO~~,

homogeneous membrane (89). The transport is acco@i~hed by moving the

transported matetial through the membrane much in the manner of a solute

moving through a solution. The third model proposes a nonhomogeneous or

nmosaicl~ stwcture for the membrane (89). ‘This hypothe~izes that the

dii+

I

I

entire membrane is not permeable, but that only isolated patches are. The

model remires a very complicated structure? but is believed by some workers
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to explain the low permeability of the membrane to

that the permeable patches constitute only a small

cell membrane mea.

diffusion onthe basis

portion of the total

B. Mitochmlria.

As analytical techniques have improved, smaller and smaller

components of cells have been investigated. In recent years etidence has

been accumulated to the effect that mitochondria, structural portions of

the cell responsible for almost all of its respiratory metabolism, we

themselves capable of considerable ion transport (90). The mitochondria

have been variously described as consisting of or containing more or less

mobile granules within the cell capable of contact at the cell walls or as

highly specialized structures at the cell wall. It iS believed W lluWY (91’),

Green (92), Hogeboom (93) and their Coworkers that e~zme sYstems are ~o-

cated on the mitochondria. .Ni$ochbndria can be fractionated from the

rest of the cell and their properties studied,

Hartley, Davies and Krebs (94) believe that

basic units of secretory and absorptive activities of

mitochondria are the

the cell. Bartley

and Daties (95) isolated mitochondria from sheep kidney cortex homogenate

and found them to maintain concentration differences between themselves and

the external fluid. While varying with e~erimental conditions, the con-

centration of sodium in the mitochon~a was found to be approximately 26’

times that in the suspending medium. since the mitochondria are cell com-

ponents, this means that there are concentration

Evidence that complex anions are bound

presented by Jacobs (96). This binding produced

gradients within the cell.

by mitochondria was

significant changes in
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the ofidation-reduction

that cells transporting

mitochondrial granules.

potential of

large amounts

The proximal

the xritochondtia. Weiss (L7) found

of cation contain large numbers of

renal tubule of the kidney was cited

as being particularly rich in such granules. The mitochondria of cel18

not engaged in extensive ion transport did not contain as xnarqrgranules.

When an excess of sodium or potassium was added to the transport load,

the number of mitochondrial granules significantly increased.

Huff, Wills and Arrighi (51) believe that the source of oxidative

energy is localized in the mitochondria. They also found that potassium

absorption appeared to be related to sodium transport in the mitochontia.

Mitochondria in plant cells were studied by Robertson and his

coworkers (97). They found mitochondria in carrot and beet tissue to

accumulate both cations and anions. More free sodium ati potassium ions

were concentrated in the fitochondria than In the suspending solution.

Much work needs to be done in clarifying the role and structure

of mitochondria. It may be that the titochondria are the ultimate

fictional units responsible for active transport.
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VI. Theories and Mechanisms of Ion Transport

A. Passive Processes

It has been observed that a fraction of the total volume of

various cells ie accessible to electrolytes ty free diffusion. Briggs

and Robertson (98) found this uptake to be reversible and to tike place

relatively rapidly, The volume into which such diffhsion can occur is

thought to include the wet cell walls, intracellular spaces and, accord-

ing to work ty Robertson (99), at least some parts of the cytoplasm. Hope

and Stevens (100), Butter (101) and Cowie and Roberts (102) produced data

to indicate that it may amount to as much as 2~percent of the total

volume of certain plant roots and to over ’70 percent of the total volume of

the microorganism E. coli.

Another pamive process of ion transport

Part of the volume into which free diffusion takes

is that of ion exchange.

place is occupiedby

immobile, dissociable groups fixed to the cell walls and to indiffusible

molecules in the interior of the cell. These give rise to ion exchange,

mainly cation exchange under normal

electro~e in the external medium.

has been emphasized particularly in

physiological conditions, with the

Electrolyte uptake by this mechanism

studies with plant roots ~ Epstein

and Leggett (lo3) and

The passive

account for a portion

mentioned previously,

Epstein and Hagen (104).

processes have been mentioned because theydo

of ion transport in living cells. AS has been

however, theydo not acoount for more than a small

fraction of the transport rates demonstrated by cells, nor uan they

account for the maintenance of the high concentration gradients associated

with cells.
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13. Active Transmrt

Scientific inquiry into the precise workings of physiological

mechanisms of ion transport has not yet removed the processes from the

realm of speculation. Of the. many theories proposed, none has been able

to assinrtlate the observed data on ion transport into a single rationale.

Some of the more prominent theories of ‘factive transport~ will be dis.

cussed. Active transport has been very specifically defined by Rosenberg

(10S) and other workers, but is generally accepted as referring to

electrolyte uptake requiting tha expenditure of energy derived from

intracellular metabolism.

The ‘tcarrierll theory proposes, with considerable supporting

evidence, that the active transport of.ions from the exterior to the

interior of the cell is accomplished by combination of the ion transported

with a carrier substance in the membrane. The membrane is not permeable

to the free ion. The carrier accepts the ion into the membrane by forming

a complex with it. E@endinE energy, the carrier transports the ion through

the membrane and then dissociates from it. The ion is thus placed on the

interior side of the membrane and may not diffuse back across it despite

the increasing electrochemical potential in the outward direction. The

carrier returns to the ‘upstream” face of the membrane to repeat the cycle.

Three of the more cogent facts suggesting such a mode of transport are!

1. Ions takenup

able tith other ions of the

back diffusion and isotopic

by active transport are not readily exchange-

same species in the external medium, i. e.,

exchange are greatly hindered, indicating the

presence of a barrier poorly permeable to free ions.

2. The rate of accumulation of a particular ion increases as

the concentration outside is increased, but reaches a limit indicating
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saturation of the carrier with the transported species of ion.

3. The specificity of ion uptake during active transport also

suggests combination with a carrier molecule as an initial step.

An experiment devised by Osterhout (106) demonstrated the principle

of the carrier theory. A layer of guaiacol (HG), representing the proto-

plasmic surface layer of the cell, separated two aqueous solutions,repre-

senting the internal fluid of the cell and its external environment.

Potassium hydroxide was introduced into the ~outsiden solution. The

potassium ion, per se, could not diffuse into the ~?insiden solution because

guaiacol is essentially impermeable to it. However, the guaiacol reacted

?’with the potassium to form potassium guaiacolate (HG + K + OH- + KG + H20)

which diffused to the inside interface of the guaiacol layer. Carbon diofide

was continuously bubbled into the inside solution simulating its production

in the living cell and providing bicarbonate ions with which the potassium

ions might associate

the carbonic acid im

with the bicarbonate

in solution. The potassium guaiacolate reacted with

the inside solution to release potassium in association

+and to reform guaiacol (KG+ H30+ +K +HG+H20).

Because of

had little

thus could

The result

the lowpH maintained in the inside solution, the potassium ions

opportunity to compete with hydrogen ions for the guaiacol and

not escape back across the ‘imembranel? in appreciable quantities.

was that the potasaium concentration in the inside solution in-

creased until it considerably exceeded the potassium concentration in the’

outside solution. Since no expenditure of metabolic energy impelled the

potassium gwiacolate from the outside to the inside interface of the guaiacol

layer, the rate of potassium transport would be limited to the rate of

diffusion of potasmlum guaiacolate through the layer. A tither interesting

—
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aepect of this model was that potassium was taken up in preference to

sodium when both were present outside.

The energetic of systems of the general type designed by

Osterhout have been investigated theoretically ~ Rosenberg (107) by means

of a thermodynamic analysis. It is supposed that components A and B are

present in two phases3 i and o, separated by a phase M. It iB first assumed

thatM is impermeable to the solvent and to A and B$ but permeable, to

Compound AB. It can be shown ~ thermodynamics that an equilibrium can exist

when the difference in the ohemical potential of A between i and o is equal

to the difference in the chemical potential of B between o and i. But if

phase o is connected to a B-donator and phase i to a B-acceptor, the complex

AB will be transported from o to i, thus producing an accumulation of A in i

opposite to its gradient of chemical potential. In this simple system,

Bhas the function of a carfier, but the cooperation of the surroundings

is necess~, in the form of a source and a @ink for B, in order for

accumulation to occur. To couple accumulation to a chemical reaction, as

is believed to occur in biological systems, a nondiffusible substance C may

be added to phase i which is able to react with B to give the indiffusible

compound BC. If A is the component to be accumulated, the ener~ for the

transport would be derived from the reaction B. +Ci - BCi.

diffhsion

model the

Another case of

pump,” has been

connecting link

transport in a stationary system, the ~osmotic

proposed by Eranck and ~yer (108). In this

between the insido and outside solutions is a

solution compartment bounded at either side by a membrane. The connecting

link is assumed to contain two solutes, A and B, B being an n-fold polymer

I

I

of A. It is further assumed that the diffusion coefficient of A is less
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than n-fold greater than the diffusion coefficient of B. Thus tie same

qu~tity of material can diffuse more readily in the B form than in the

A form. The conversion ofnA to B and vice versa does not take place

tithin the connecting link but nA -m B is catalyzed to equilibrium at the

membrane bounding the outside solution. The supply of some other material

at the membrane bounding the inside solution dissociates B to nA and

forces the reaction to produce more n4 than would be produced under

normal equilibrium conditions due to some change in the supplied matetial

which releases free energy. Franck andlkyer conclude that in the system.

A will be continuously cycled ~diffision from the inside membrane wall

where it is produced to the outside membrane wall where it is converted

catalytically to form B. The latter compound then diffhses back to the

inside wall to be reconverted to dissociated formA. Because of the

assumptions about the relative tiffusion coefficients of A and B the

concentration gradient of B will be less than that of A, so the total

concentration of solute particles till be less at the outside membrane

wall than at the inside. If then the membranes are permeable to A but

not to B, a dynamic equilibriutn is set up in which the chemical potential

of the solute A will be higher in the inside solution than in the outside

solution. A supply of free energy to the connecting link is required to

maintain a dynamic equilibrium, but solute may be transferred from outside

to inside if the rate of the reaction supplying the free ener~ is suf-

ficiently increased.

The authors point out that

sential to the theo~. For exsmple,

the formation of polymers is not es-

sodium chloride may be concentrated
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by moving with the hypotheaizQd soluble molecule, HnR(OH)n from the aut-

aide to the inside membrane walls. When catalyzed at the membrane

+walls the following reaction takes place! nl’?a

Na#Cl#H20.

membrane where

The molecule NanRCln must then

the reaction is reversed ~ the

diffise to the

expenditure of

of some other reaction. If the membranes are assumed to be permeable

to Na+and Cl- then these ions would accumulate insj,,de. The system pro-

posed would work more effectively if a number of cells operated in series.

Detailed methods of computing the necessary energy

systems are given. Under favorable conditions the

energy to that gained as usefil work may be as low

output for various model

ratio of expended free

as three.

Numerous authors have attempted to formulate theories which apply

the carfier hypothesis

Most of these have had

and none have achieved

sentation here seem to

or have novel

be mentioned,

membrane with

features

however,

realistically to biological transport systems.

a short life as new experimental facts wore obtained

anyuniversal acceptance. Those chosen for :,~w-

have some consistmcy with experimental f3r~~~.nfm

which appear worthy of consideration, ~% ~hou:id

that not all investigators believe that a cell

special transport properties for ions is necessary.

Ling (109) has given reasons for thinking that the interiorof at Imst

muscle cells comprises an assembly of fixed charges on which ions$ Mainly

potassium, are held by coulombic forces. Metabolic ener~ i~ required

indirectlyto maintain the cellula proteins in an extended state in which

their ionic groups are available. Shaw and Simon (110) accept this tiew

for both nerve and muscle.
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Lundeg%dh (111) has proposed a theory of salt accumulation of

plants based on ‘tanion respiration,” which has some features in common

with the more theoretical models described above (112). This theow was

suggested by the observation of Lundeg~rdh and Burstr!!m (65) that a

quantitative relationship existed between the rate of o~gen uptake by

isolated roots and anion absorption. No such relationship was found for

cation absorption. Lundeg%dh, therefore, assumes that the absorption of

anions and cations are independent of each other to the extent that

different mechanisms must be responsible for their uptake. Th@ anion

uptake is considered to depend cm a portion of the respiration of the cell.

called ~anion respiratio~.” The anion respiration is believed to be
I

different from the remainder or ‘tground respirationit of the respiration

of the cell. ‘l!his assumption is based in part on the observation that

f~ibitors cf”en~es stop salt uptake but leave the ground respiration

almost unaffected. This indicates that anion respiration is catalyzed

“Gyherein compounds, probably cytmhromes, and that the ground respiration

Is carried on by a different enzyme system. Thus, inthe Lwdeg8rdh

theory> the cytochromes assume the role of carriers.

‘!f~ventile iron atoms of the cfiochromes are oxidised, ~he~~

wfilence V.weasesfromplustwoto plus three? at the mme iimo giting
\

UT one electron. Thus the trivalent iron atom attracts one more anion ,

than the ‘bivalent tron atom. If’ the cytochrome enzyme system i~ situated

as a bridge across a cdl houndaryj electrons may move out of the cell

in exchange for anions, provided aredox gradient efists between the

inside and outside of the cell. The transference of an electron between

two iron atoms moves one anion from the oxidized to the reduced forum
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of the enzyme. The process may be regarded as a stresming of anions

between a positive pole represented ~ the cytochrome and a negative

pole represented @ the cfiochrome oxidase. If some of the protons pro-

duced at the positive pole are consumed in the excretion of a free acid

of the anion, metallic cations will substitute for them in the stream of

positive electrici~ required to complete the circuit. In this way, cation

excretion may be accomplished. At present,:’however, little is known or

theorized about the possible participation of the cytochrome system in the

active transport of cations. Other possible means of cation absorption

Include transport along the electrochemical gradient set up by the

actively transported anions, and simple exchange for hydrogen ions in

the cell.

The anion respiration theory has received considerable experi-

mental support by plant physiologists such as Robertson (113), WMer (1~)

and Lundegadh (111), but it must be admitted that no evidence etists

for the cytochrome organization assumed. In addition, there is no ex-

perimental evidence indicating that the theory can account for the

selective uptake of ions of the same sign of charge.

A ~redox.pumpll model of ion transport has been ~vanced m

Cor!wey (Ilg, W).

a system of reduced

is then transferred

with a higher redox

Hydrogen ions from metabolism may be accepted into

cytochrcme ~ oxidtzed cytochrome. The hydrogen

within the membrane to a metal respiratory catalyst

potential, and hydrogen ions are released. Hydrogen

is brought across the cell membrane either ~ diffhsion through the

mmbrane or by roktion of the catalyst in a ve~ thin membrane to present
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the hydrogen to the outer interface. The electrons are

the hydrogen so that hydrogen ions are secreted ~ the

retained electrons are returned to the cell by a second

retained from

cell. The

metal catalyst

and transferred to ~gen. Anions couldbe removed from the cell ~ the

potential gradient created ~ the active transport of hydrogen, or they

might be transported actively.

with hydrogen transport through

interface of the membrane ~ an

In the latter case, the transport 1s linked

absorption of the anions on the inside

ofidized metal catalyst followed by move-

;’

ment to the external side of the membrane.

sodium is actively removed from the cell.

sodium carrier htha cell accomplishes the

In the case of fermenting yeast,

Conway theorizes that a’epecfal >

remwal of this nation,

Leaf and Renshaw ($0, 52, 117), on the basis of extensive

laboratory work, take exception to the redox-pump theory. They found

that the theoretical rates of ion transpOrt and o~gen consumption calculat-

ed from the modelwereinsufficient to account for the actual rates observed

in an experiment designed to test the theory. In work with frog skin, th~

determined that the number of sodium ions transported per molecule of

o~gen consumed averaged 6.82. This is significantly higher than theL.O

ratio which would prevail under the redox-punrp hypothesis. In addition,

as previously stated, they found that some ion transport continued under

anerobic conditions and concluded that this conflicted with the redox-

pump theery.

The possibility that temperature gradients might cause active

transport of solute and Bolvent across membranes has been discussed ~

Spanner (118 ). This author believes that temperature may be of some

importance in producing active water transport @rovided the membranes
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in question have sufficiently high heats of transfer. Little information

concerning the heat of transfer across either natural or artificial

membranes is available. The author thinks that more promising explanations

for solute transport are being developed. Of course, the effect of temperm

ature in increasing metabolism would influence the rate of active transport

if the ener~ were metabolically derived. Scott and Hayward (119)

demonstrated this effect with the algae

in the transport rate of potassium when

Ulva lactucaty——

the temperature

noting an increase

was raised from

20° c to 30~ c.

A i~protej.n flexurefl theory by Goldacre (120) proposes that ions

and water

chains in

and water

protein.

might be transported by the folding and unfolding of protein

the cell membrane. The property of protein to absorb solutes

appears to vaxy depending on the physical configuration of the

Proteins have been shown to absorb many times more dye in the

unfolded monolayer state than they do in the folded globular form. Thus ,

unfolded proteins might absorb ions or solutes from the environment and

release them inside the cell ty subsequent folding which withdraws the

available sites from the ions. Goldacre cites his work with amoeba and

with plant roots which suggests that, during activity, proteins at the

cell or vacuole wall are constantly streaming along the interface, bwmm-

ing spread and unfolded at one end and folded at the other. In this

process, dy08 are seen to be takenup by the unfolded protein molecules

and released inside the cell (or vacuole) when they fold. The author

speculates that water might also be transported by such a mechanism due

to different degrees of hydration of proteins in the folded and unfolded

mtatee.
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VII . Active Transnort of Water

An alternative to the actj.ve transport of ions in achieving

saline water conversion would be the active transport of water. Obtiously,

any method that could remove the water from the salt solution would be

of at least equal interest with processes that remove salt from water. It

has been pointed out that, under certain conditions, water may passively

accompany actively transported ions in order to maintain osmotic equil-

ibrium, This action wou3d work to the detriment of saline water conversion

possibilities since it would offset or tend to negate the effect of the

active transport of the ions. If, however, water could be actively trans-

ported independent of any ion transport, a potential conversion method

would be indicated. There is some evidence, part of which has already

been discussed in the section on kidney function, that the active transport

of water occurs in physiological processes, although this is a matter of

considerable discussion.

Franck and Nayer (108)1 in their report of the osmotic diffhsion

pump) state that the sy$tem embraces the active transport of water. The

osmotic.: diffusion model of active water transport has been reviewed by

Bayliss (LS). He calculated that the theory would require the supposition

that the diffusion constant of the osmotically active substance within

the cell be 1,000 times smaller than that of most ordinary substances in

free solution. Heconcludes, however, that this is not an altogether un-

reasonable assumption.

It is believed by many investigators, including Smith (121),

that active transport of water must occur in the distal tubule

of the kidney in order to produce,a hypertonic urine. This is in
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addition to the obligatory reat~wption of water which ocours in the

proximal tubule. The active reabsorption is the means by which the body

may regulate its water requirements just as the active reabsorption of

ions allows for the regulation of those substances. Smith (122) states

that the

diuretic

active transport of water is

hormone.

rjaniel.li (123) examined the

of hypertonic urine by the kidney and

promoted by the presence of anti-

problem of explaining the excretion

concluded that no mechanical system

based on anomalous diffusion can satis~ the facts.

One of the foremost proponents .of:.a llwater pumplt is

Robinson (124, 125) who believes that water is extruded actively as

fast as it diffises into a cell under the influence of the osmotic

gradient. He argues for theoccurrenceof active water transport in the

human kidnqr and in all organisms down to single.cellpl.ants and animals.

While admitting that the mechanism is obscure, Robinson, nonetheless, con-

tends that the evidence for active water transport makes a good case.

He cites the work of Kitching (126,127,128) to the effect that the vacuoles

of fresh water protozoa seem to excrete water which diffuses in due to

the higher osmotic pressure of the environment. Metabolic poisons which

stopped the movements of the vacuoles caused the organisms to swell

indicating that water was entering the cell unopposed by the water pump.

~ such techniques, the external osmotic pressure required to prevent

swelling when the vacuoles were not functioning was detemined. These

determinations on protozoa indicated that the osmotic pressure acting on

the body wall due to the excess of concentration of ions inside the cell

over its environment were in the range of 170 - 8$0 mm of merc~. .
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Unopposed, this pressure would destroy the membrane. Robinson believes

the most satisfactory of possible explanations for this condition is

that water rapidly enters the cell to satisfy the osmotic pressure, but

that it is just as raptdly pumped out to prevent the cell from swelling

and rupturin~. Water uptake in kidney slices is also cited as eddence I

w Robinson. Those arguing against the water pump contend that water

uptake in kidney slices is due to water passively accompanying actively

absorbed sodium. However, when respiration was inhibited in kidney slices

in sodium-substituted media, the water content of the slices continued to

increase. This indicates that an independent process is reqyired to

e@ain the continued uptake of water.

Another mechanism ty which active transport of water may be

accomplished is the protein flexure theo~ of Goldacre (12) discussed

in the previous section. This model may function to transport water as

the result of different degrees of hydration being associated with the

folded and unfolded states of the protein. Unfolded protein saturated

with water of hydration may move to another location and contract, shedding

water as hydration site$ are withdrawn into the fold.
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VIII. Phosphorylation As lher~ for Active Transport

Most investigators beliwe that the source of energy for active

transport is derived from aerobic metabolism, but very little is known

about the actual mechanism ~ which the required energy is made available

to the cell. While this is probably the most obscure facet of active

transport, It is also one of the most important.

Investigations of the biochemistry of cellular metabolism have

led to the recognition of certain compounds hating phosphate linkages of

the pyrophosphate type, termed flhigh-energy phosphate bonds,” which

liberate unusually large amounts of energy on hydrolysis.

are produced as a result of the oxidatton of foodstuffs.

central roleti coupling the energy derived from ofidative

to the maw physiological processes requiting ener~ such

These bonds

Theyplsy a

metabolism

as muscular

contraction and the synthesis of cellular components. One of the most

versatile of these high=energy phosphate bonds is ‘thatfound in adenosine

triphosphate (ATP).

In view of the generally essential fhnction of high-energy

phosphate bonds, it was natural that a connection between them and the

production of osmotic work by the cell should be sought. Although nmch

work has been done with a wide variety of biological ~stems and maw

interesting hypothe~es advanced, the mechanism of the transformation of

chemical energy to osmotic work has not been revealed, Only a fewof

the many contributions made toward the solution of this problem will be

the

mentioned here.

It has

sugars seemed to

been known for some time that phosphorylation of certain

be necess~ for their absorption ty animal cells.
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Hoagland (12g) was one of the first to speculate on the possible util,i-

zatlon of high-ener~ phosphate bonds for the accumulation of electrolgkes.

Mudge (130, 131), similarly, found evidence for the involvement ofphos-

phorylations in the accumulation of potassium in kidney slices.

Steward and Street (132) suggested a hypothetical mechanism

for moving electrol@es into plant cells in which compourds containing

energy-rich bonds produced ~ oxidative metabolism functioned as ion

carfiers. In regard.tg this theory, Lardy (133) brought evidence against

any one-to~ne relationship between the number of ions accumulated and

the ener~-rich bonds utilized, at least insofar as brain tissue is con-

cerned. His calculations showed that a highly inefficient operation would’

result if one ener~-rich bond were required for each potassium taken up

against a concentration gradient, since this would require about one-third

of the total number of high-energy phosphate bonds produced, This is

considered an excessive drain on the energy available to the cell in view

of the maw other essential, energy-depleting functions which must be

performed.

The application

has added somewhat to the

of a recent development in physics, however,

evidence supporting the phosphorylated cartier

theory. Using nuclear-spin resonance

and Andrew (135), Jardetzky and Wertz

Thw deterndned that some metabolizes

techniques developed by Wertz (13h)

(136) investigated sodium transport.

such as lactate, pyruvate and citrate

did form specific complexes with the sodium ion. While these metabolizes

do not contain phosphorous, they are intermediates in the chain creating

phosphorylated compounds. Hence, sc~~cqlexes might also be f~d

with the latter. No such compl~ng effect was found between sodium ati
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formate, acetate, benzoate or chloride ions.

Much of the experimental etidence pointing to a connection be-

tween metabolic reacttons and electrolyte accumulation has been gathered

~ the use of specific inhibitors of certain of these reactions. For

example, dinitrophenol has been useful since it was found to

production of energy-fich phosphate bonds as cited ~ LoomiB

Lipnmnn (137).

prevent the

and

l%hrm~ (138) has made a study of the effects of inhibitors on

the active transport of sodium in the frog skin. He also found that

dinitrophenol reduced active sodium traneport and he expressed the belief

that high-ener~ phosphate compound~ are involved in this accumulation

process.

Robertson, Wilkins and Weeks (139) repotied that dinitrophenol

reduced or eliminated the uptake of electrolyte by carrot tissue without

interference with l*espiration. MachMs (140) and Ordfn and Jacobson (141)

have made extensive studies of the effect of various metabo~c inhibitors

on ion absorption and respiration by plant roots. They found that inhibi-

tors of glycolytic reactions and of the Krebs cycle also inhibit uptake

of electrolyte from the medium. This indicates the connection between

phosphorylation and uptake since the Krebs, or tricarboxylic acid cycle,

is a succession of oxidative steps involving the removal of hydrogen

from substrates with the simultaneous formation of high-energy phosphate

bonds . Ordin and Jacobson believe some steps of the Krebs cycle, or

closely associated reactions$ are necessary to furnish the energy for

both cation and anion uptake. They also found that dinitrophonol. and

arsenite, an inhiMtor which acts as a phosphate replacement, inhibited
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ion uptake, again suggesting that phosphoxglation reaotlons may play

role. They speculate that ATP might be involved in ion accumulation

~ reaoting with intermediates of the Krebs oycle to form or destroy

ion

ATP

c-ers. In thi~ soheme metabolism would be required to protide

and the intermediates to interaot with Al’T.

a
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IX. Comparison of Physiological to Artificial Processes

of Saline Water Conversion,

A. Surface Area

One of the prime criteria that determines whether or notphysio-

logical mechamisme of ion transport shouldbe seriously considered in saline

water conversion is the relative size of the production facilities per unit

product. Even though physiological processes may finction with extreme

energy efficiency, if an enormous installation would be necessary to pro.

duce a nominal amount of fresh water, initial costs and maintenance would

prohibit a~ industrial application. While the information that has been

cited in this report indicates that it is quite likely that good ener~

economy is the case, the small total quantities of salt transported

physiologically in any organism raises the question of practical si%e.

Since it has been shown that transport occurs at the cell surface, the

important consideration is the rate of sodium chloride transport per

unit area of active surface.

Data on such rates in frog skin have been determined. Adjusted

to grams x 106 per hour per square centimeter of skin in order to permit

comparison, values are; S2.6 (Jl), 38.o-60.6 (142), 5.9 -17.6 (Sh),

74.8 (49) md S8.5 -17$.5 (S2). Using SO x 10-6 gm/hr/cm2 as a value

well within the range, the surface area reqyired for complete desalting

in one hour of one gallon of sea

chloride may be calculat~d,

30,000 ppm NaCl = 3 x 10h x

water containing 30,000 ppm sodium

8.33 x h5h ~ 123.4 gm NaC1/gal H20——
106

113.4 ~ 22.7 x105cm2 = 227m2 required.

a
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This is a prohibitively larEe surface area for any practical

application of the principle to a continuous surface in one plane. As

compared to the frog skin area requirement, the synthetic membrane used

in electrodialysis could accomplish the same rate of salt removal in

the range of O.213$ - 2.8S sqpare meters of surface area. This figure iS

67
calculated from reported (lh3) values of 10 - 10 sq N of membrane area

required to produce 10 acre ft per hour of deionized water from sea water

by the electrodialysis process.

To reduce the surface requirements to a practical level would

require either a synthetic membrane or an org~ism with a surface highly

more active than frog skin~ or a ~thetic membrane or organism with a

great amount of surface area per unit volume. Since membrane structure

V6V probably plays a highly important role in physiological tr~SpOrt,

the possibility of developing a suitable synthetic membrane at the present

elementary stage of knowledge on the subject is remote. It is possiblej

however, that some organisms may offset or reverse the area advantage of

Ioas than 1000 or 100 to 1 showm by the comparison of the @pe of sp-

thetic mmbrane used in the electrdialysis proces~ to frog skin. Th~

alternative, utilizing an organism that offers a great amount of surface

area per unit volume, would require the usQ of a microorganism. Thig is

not only possibl~ of attainment~ but m~ industrial processes$ such as

sewage treatment and brewing, currently process large quantities of

liquids ky harne~sing microorganisms.

B. Energy

whether of
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th saline water conversion program is that of energy requirements.

Should a large advantage in ener~ efficiency be exhibited ~ physio-

logic~l mechanisms over artificial mechanisms of separating salt and

water, a definite interest in the former would be indicated.

no means to utilize the principles of physiological transport

at present, fundamental research to explore the ener~ system

future application would be warranted. Based on limited data

Even if

were apparent

for possible

available

in the literature, the following attempt is made to compare ener~ require-

ments of the physiological and artificial processes.

Data in reference ~3 can be used to calculate the power require-

ments for the synthetic membrane electrodialysis process in deionizing

seawater. This’varies flrom 16,000-1,600

range of surface axeas discussed above. It

optimum efficiencies that tight be achieved

processes could possibly distill water from

watt hr/gal in the reported

has been reported (~) that

@ combinations of distillation

sea water for approximately

$100per acre i%, power costs figured at four mills per kwhr. This would

produce water at 76.6 watt hr/gal. The theoretical irreducible power

requirement for extracting fresh water from sea water ~ any possible

process has been calculated (L$S) at 2.8watthr/gal. This same

reference cites the practical minimum figure that can conceivably be

achieved

hr~gal .

mentl per

Assuming

by distillation or the electric membrane process as 12 watt

In his work on frog skin, Zerahn (49)computed the energy reqpire-

transported equivalent of sodium to be 1,340- 2,68o gm-cal.

the chloride to fctllow passively, the power required to desalt

one galbn of 30,000 ppm NaCl sea water in one hour may be calculated.

NaCl content of seawater = 113.5 gin/gal
This is 113.S/S8.S = 1.9~ equivalents NaCl
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tier~ Required ~ 1.94 x 1,340 = 2,600 gM-cal
Which, if expended in one hour, would be
2,600 x .00116 = 3.015 watt hr/gal for the l~er
energy value reported and 2 x 3,01~ = 6*030 watt
hr/gal for the higher one.
Zemhn found the total energy available to frog
skin to accomplish the transport of sodium to be
a maximum of S,000 gm-cal per equivalent. Thus,
if the frog skin consumes the total available
ener~, the power expended per gallon of sea
water becomes $000 x 6,o3 s 11.6 watt/hr,

m

It is quite interesting to note that these three values are

below all of the practical minimum power requirements cited. The 3.01~

watt hr/gal is surprisingly close to the 2,8 watt hr/gal theoretical

minimum. Physiological processes thus seem to operate at efficiencies

greater than those achieved or considered possible by mechanical,

electrical or chemical processes of saline water conversion.
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X, Evaluation of Practical Aspects

Certainly the state of knowledge does not permit the envisioning

in the near future of an artificial application of the principles of

physiological transport of sodium chloride. Therefore, any exploitation

of physiological meohaniems at present would have to be approached through

the use of living organisms or parts of organisms. As stated previously,

living organisms are successfully used inma~ large-scale industrial

“processes. It would be logical and necessary to select the appropriate

organisms on the basis of availability and ease of handling. A factor

in the latter consideration would be the desirability of obtaining large

active surface area per unit weight or volume. A group of organisms

among which one or several might offer the required characteristics are

the algae.

Some unicellular algae are known to accumulate sodium and chloride

ions to concentrations manyfold that of their environment. The source of

energy for the physiological transport of the ions, sunlight, is free.

Unicellular algae canbe grown in mass cultures (146), aprocess of much

interest as a source of food supply. Since the surface area required per@

‘of’sea water @ewQted per hrby frog ddn is so large, 227 m2, it might be

well to investigate surfaoe areas that may be available in algae on the

basis that their ion transport mechanism may require comparably large

surface areas per equivalent of sodium chloride transported. Algae

suitable for the, pyrposa at hand might possibly be found in the size

range of chlorella. A steadywtate culture of chlorella may conttin

approximately two cubic miltieters of cells per milliter of suspension.

The cell diameter is approximately five microns. Assuming the cells tobe
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cubee, a simple calculation may be made giting the approxl.mate cell

surface area contained in one gallon of suspension.

surface area/cell = 1s0 microns2

volume/cell = 125 microns3

One mi of suspension contains

!rhis iS 1.6x 107 x 150 = 2.4

2X109= 1.6x 107 cells
25

x 109 microns2 of surface

= 9.08 x 1012 ticrons2/gal 8uspeqaion~ 9;08 m2.

and 227/9.08 = 25 gallons of suspension are required

to offer sufficient surface to remove all the sodium

chloride from 1 gal 30$000 ppm NaOl sea water, in 1 hr.

Thusj if an alga approximately the size of chlorella were found to have

the other necessary characteristics, the surface area requirements would

be fairly easily satisfied. This would appear to be a possibility worth

i~~etigation.

In a truly practical sense, ltpracticallt aspects should include

fundamental research. There is obviously very much to be learned about

salt transport as achieved in nature. Were this information known

today, it is certain that it would either permit new and highly efficient

methods of saklne water conversion or greatly improve existing methods.

Basic research may

process. However,

the sooner can its

water.

continue for a long time without producing an industrial

the sooner the research is successflilly accomplished,

f’blings be appliedto the mass production of fresh
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Itc. Design of Ekperimental Work

As has been indicated in the pretious section, the quantities

of salt to be removed horn sea water, the rates at which salt can be trans-

ported physiologicallyj the surface area requirements thus detetined,

and the energies expended may allow a practical application of the physio-

logical mechanism through the use of living organismB.

upon which this finding is based assumed that the water

tozero salinity was seawater containing 30,000ppm of

The calculations

being converted

sodium chloride.

This, of course, is the extreme test. Should the salt load in seawater

overtax the process, the method still might be useful in trehting brackish

waters. The fact that the calculations, approximate and incomplete as

they no doubt are, do not

presents a prospect worth

answer to the possibility

preclude possible application to sea water ‘

exploring. It is unlikely that a definite

can be obtained ~ any theoretical treatment

of the problem based on information currently available. The best and

most direct means of exploring the subject lies in laboratory work. Only

here can the paramount question of whether the algae can be made to

behave as desired be settled.

The following suggested process for saline water conversionby

the utilization of algae is believed to be novel and may warrant experi-

mental consideration. Its application would require a search for marine

algae having the most favorable characteristics as determined by rate and

degree of sodium chloride concentrations, surface area, rapidity of

response to the environment and adaptability for mass culturing.

The method would attempt to make algae behave as a sodium

chloride “conveyor belt~ by continually recycling them. This would greatly
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reduce the total quantity of cells required to be cultured per unit of

sodium chloride absorbed as compared to a single-pass process. It would

also speed up the process tg eliminating the generation time which would

otherwise be necessary @ produce fresh algae. A species of algae with

the desired characteristics might be grown in a basin of saline water under

cotiitions to promote msximum inco~oration of sodium chloride. The algae

would be continuously removed from this basin by mechanical means and

introduced into one end of a second basin of the water. It must now be

remembered that, in order to maintain ion concentration gradients in

physiological processes$ metabolic energy must be expended. When ;cells -

die or are injured, the concentrations of ions inside the cells equi-

librate with the concentrations of those ions in the surrounding aqueous

environment. In the second bash, therefore, conditions would be ea~

tablAshed to dew the energy required ~ the algae for metabolism;

This might be accomplished simply by excluding light from the basin. It

is likely that the algae would then dump sodium chloride into the second

basin. At the far end of this basin, the algae would be removed from

the water and continuously transferred back

again in a favorable environment, the cells

of salt. While some algae can asclimate to

to the first basin. Once

would pick up another load

a considerable range of

sodium chloride concentrations,

sets of basins in series with a

the sodium chloride content of

it may be necessary to operate several

different algal culture in each to reduce

the product water down to the desired

level step ~ step. A by-product which might be of value would be the

harvesting of excess algae for protein.

lZ@ure 2 shows an hypothe~tzed flow diagram for the process.
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The basins are of flow-through design and of dimensions that will contain

the required amount of process material and provide ‘the necessary

detention times. Flowis ~ gravity and the physiological energyis

derived from sunlight. The on~ypecuni~ energy input required is that

expetied mechanically in separating the algae from the suspension.

The saline water to be converted is introduced into basins 1

and 2. A maw algal culture of the appropriate type is seeded in basin 1

at the start of the process which from that point on becomes continuous.

Conditions in basin 1 are maintained for Optm salt uptake ~ the algae.

The velocity of flow through the basin allows the suspended algae sufficient

time to absorb a maximum quantity of salt from the solution. At the

affluent end of the basin, water is constantly taken into a device that

neparates the algae from it. The algae are delivered to basin 2 where

conditions that will reversibly i~ibit their metabolism are created.

This would preferablybe done

point the sap of the algae is

compared to its environment.

ky excluding light from “the basin. At this

greatly entiched in sodium chloride as

To maintain this concentration gradient

between its intercellular fluid and the suspending seawater should re-

c@re the continuous expenditure of ener~. The interruption of photo-

synthesis should depfive the cells of at least a substantial portion, if

not all, of the needed energy. Accordingly, the algae should secrete sodium

chloride as the concentration gradient approaches e~ilibrium. Transit

through this basin would be timed to permit as much salt as possible to

be dumped by the algae without inflicting irreversible

the effluent end of basin 2 the suspensionwould again

separated Into water and algae. The water, now higher

than the original saline water, wouldbe discharged to

damage to them. At

be mechanically

in salt content

waste, which would
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be backto the ocean in the event sea water wasusad as the source in the

process. The algae wcnald be returned to the influent side of basin 1,

where their metabolism would be restored. Picking up another load of salt

in traversing the basin, the algae would againbe delivered to basin 2

to repeat the cycle. Thus, the water in basin 1 would become lees saline.

If the salinity were allowed to decline indefinitely, a point would be

reached where the species of algae employed in basin 1 would no longer be

able to tolerate the environment. Therefore at some predetermined point

before this, the saline water influent would be regulated to obtain a

balance between the quantity of salt introduced into the basin and the

~antity removed. This would establish a dynsmic equilibrium and maintain

the mixed water inbaain 1 at a fixed salt

of the influent saline water.

The effluent water from basin 1,

concentration less than that

after having the algae removed,

would be of this reduced salinity~ It is unlikely, however, that anY one

species of algae can tolerate a sufficient range of salinity to petit

sea water or very brackish water to be completely reclaimed in one stage.

Therefwe, several stages of the process using differmt speci’es of algae,

or algae of the same species adapted to different salinity ranges, would

probably be required. For this reason, the basin l’effluent would be

delivered to basins 3 and ~. These latter basins would contain an algal

culture compatible with a lower salinity range than that in basins 1 and

2, and the process desctibed in basins 1 and 2 would be repeated. Thus
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the effluentfrom basin 3 would be further reduced in salinity. Water

for basin 4 must be drawn from basin 1, This is because the wber in

basin L would have to be lower in salinlty than the raw water in order

for the algae used in basine 3 and 4 to tolerate it. It iS possible

that at discharge the water in basin bwould still be of less salinity

than the raw water. In this event it would be returned to basin 1.

However, if the salinity of the basin4 effluent axceeded that of the

raw water, the former would be wasted.

The effluent from basin 3 may require further salinity reduction

before it could be used for irrigation, drinking or industrial purposes.

If so, additional stages could be added to the process until the desired

product would be achieved.

It willbe noted that a portion of the product of each odd-

numbered basin is required to operate the even-numbered basin of the

succeeding stage. This product water, however, is merely stored in pro-

cess. It is not lost. The effluent from each even-numbered basin would

be returned to the lowest-numbered odd-numbered basin whose influent

water was higher

might-be basin ~

than that of the

in salini~. As stated above, the pomible exception

where the sa~nity of the effluent might be higher

raw water entering basin 1. In this event, basinh

effluent would be discharged to waste. Under steadystate operation, the

process would deliver desalted water at a rate equal, or nearly equal,

to the rate at which raw saline water is introduced.

An additional feature of

of algae as a valuable kg-product.

the process might be the production

Since algae will multiply in the
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odd-numbered basins, the excess may be harvested for protein. The harvest

would probably be taken from the even-numbered basins so that the salinity

of the algae would not make the product objectionable.



Part 2

LABORATORYEVALUATIONOF USE OF ALGAE IN SALINE WATERCONVERSION
w PHASE I FINAL REPORT-
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IABOR&TORYEVACUATIONOF USE OF AmAE IN SAIitI’W WATERCONVERSION

PHASE I FINAL REPORT

The few

and chloride

1. Sunnnary and Recommendations

species of algae previously known to concentrate sodium

were found to have characteristics that rendered them un-

desirable for use in the conversion of saline waters by the mdhod being

evaluated. The emphasis of the project ~ therefore was concentrated on a

screening process to seek algae that did have favorable characteristics.

A large number of species were tested for sodium and chloride uptake from

saline media and for the resultant reduction in conductivity of the media.

Maw species were found to show good growths be of the proper E@e range

and concentrate sodium chloride. In a number of casest the mncmkrating

ability of the organisms was fatily high.

The following wcoerpts from Tables 4 and S are projected values

based on the experimental data reported j.n Tables 2 and 3. Zn calcula-

ting these values it was amumd that fairly high mass culture densities

could b; maintained. While this assumption is favorable$ it is pomible of

attainment and was used to obtain som indication of the potential of the

algae,
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Algae Demonstrating Good Uptake in2S Peroent Sea Watar Medium

Species Projected (pcv of 0.02 ml/ml assumed)
Uptake from Original Medium (%)

Na+ cl- Cond.

Soenedesmus quadricauda 10 10
Chi-nas moewueii (696) % 15

simplex 1;
t? eugametos 20 l-i 1?

Carteria species 10 10 5

Algae Demonstrating Good Uptake in SO Percent Seawater Medium

Projected (pcv of 0.02 ml/ml assumed)
Uptake from Original Medium (%)

Species
Na+ cl” Cond.

Chlamydomonas intermedia 27 23 23
11

II

W

Anabaena
Anabaena
Carteria
Carteria

Species

pulchra 26 16 28
species 17 17 17
species $ 20

species 33 E
catenula 30 30
chuii 17 20

;;

species 10 20 10

Algae Demonstrating Good Uptake in 7S Percent Sea Wat@r Medium

Projected (pcv of 0.02 ml/ml assumed). ..
Uptake from Original Medium (EO

Na+ cl- Cond.
Brachiomonas pulsifera 8 12 16

Algae Demonstrating Good Uptake in 100 Percent Sea Water Medium

Species - Projected (pcv ofO.02 ml/ml assumed)
Uptake from Original Medium (%)

Monochrysis none 30 40
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Them’ thus’ neems to be a good number of

favorable to the proposed method of converting

algae showing characteristics

saline water. However, more

caution should be exercised in dealing with the above projected values

than tith the experimental values. Any errors’in the experimental values

sre lJkely to be compounded in the projected values. In addition, the

routine mass culture of algae at densities of 0.02 milliliters of packed

cells per milliliter of culture will not be easy to achieve. Nonetheless,

the results are encouraging.

A disconcerting aspect of the data is that the final medium in a

number of the uptake tests is reported to contain more sodium or chloride”

%h,an at the beginning of the test. It is believed that this may be accounted

fcrby errors in compensating for the volume changes undergone by the cul-

tures during the test pefiod. Secretions of some algae may possibly inter-

fere with the flame determination of sodium as another source of this Grror.

ThQ hardy and rapid grotih of many species of fresh water al~ae in

2F ati SO percent seawater and of many o% the mafine algae in ful2-

~l;ren@h sea water is of ~onsiderab~e interest. lt ~~y be ~h~t ~lg~~ ~a~

‘ix3 grown for protein production in sa13.newaters. ‘fhiswouldbe of great

poterrhialvalue to arid regions bordering bodies of salt water. lt is

p@sible that crop production tight be obtained with no or minimal use of

~~~~e fresh waker.

The following specific recommendations are made:

1.

elusion

While the results of the project do not permit the firm con-

that the proposed method of saline water conversion is f’easible~

I
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the indication~ obtained are good. Accordingly, additional laborator:~

work should be carried out and the investigationcontinued.

2. Those algae showing favorable characteristics as determined by

the currently reported work should be retested to confirm their uptake

capabilities. Care should be taken to eliminate the above mentioned

possible sources of error.

3. Additional algae should be screened for uptake.

4. Those algae presently reported as favorable and subsequently

confirmed and new favorable species found should be studied for secre-

tion of sodium and chloride. This would be done under conditions de-

signed to inhibit metabolism of the algae as described by the proposed

method of saline water conversion.

.5, The possibility of growing marine or salt-tolerant species of

algae in saline waters for protein production should be investigated.

Part I consisted of

physiology, biochemistry

human and animal kidneys,

11. Background

a literature search in the fields of medicine,

and related disciplines. Ion transport in

intestinalmucosa, secretory glands, amphibtan

skin, fish, plants and individual cells was reviewed. These and all

other living organic material constantly accumulate and excrete saltsj

including sodium chloride from aqueous solution. This is necessary in

order to maintain vital electrolyte balances, On the basis of current

information, there seems to be a striking similarity i.nphysiological

mechanisms that effect this action, Factors in common with many vari.-
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~t- of anfials, plants and cells are the abilities to accumulate and
,’

maintain ions against considerable concentration.’ gradients through

the expenditure of energy derived from metabolic proces~es. This process

is universally performed at the cellular level. Although special organs,

such as the kidney, may conseme ions within the organism, the ions must

thenbe distributed throughout the cells. The intercellular fluid contains

concentrations of selected ions at levels many times that of the extra-

cellular fluid. In order to obtain and maintain this condition, the cell

must expend metabolic energy at the cell wall.

The ability of isolated frog skin to transport sodium chloride from

its outer to its inner side has been studied for many years. The action

is typical of physiological transport in that the sodium and chloride

ions are moved in a direction against the concentration gradient; that is,

‘Me ion$ are transported from the less saline outer

saline inner solution. Metabolic

the process in the isolated skin

obt~ined about transport in frog

processes continue

for several hours.

skin than mo~t, if

materials. It has been mported( 49) that the energy

solution to the more

to supply energy for

More data has been

not any, other organic

expended by frog skin

hl 1,340- 2~680 gm.cal per equivalent of sodium transported. me chloride

follows the sdium passively

The power reqpired to desalt

hour may be calculated:

in order to maintain’ electrostatic balance.

one gallon of 30,000 ppm NaCl sea water in

NaCl content of sea water = 113.5 gin/gal
This iS 113.5/$8.5 = 1.94 equivalents NaCl
Energy required ~ 1.9& x 1,340 = 2,6oo gm-cal
~ich, if aqmxled in one hour, would be
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2,60Q x 0.00116 ~ 3.015 watt hr/gal for the lower
energy value reported and 2 x 3.01~ = 6.o3o watt
hr/gal for the higher one.

These energies are

requirement of 2.8 watt

much closer to the theoretical minimum power

hr/gal of sea water desalted than are the energy

requirements of

An average

determined from

any etisting or proposed conversion process.

rate of sodium chloride transport,thro~h frog skin as

several references (49, 51, 54, 142, 147) 4S a~>&imatelY

go x 10-6 gm/hr/cm2. me &rface area required for complete desalting in

one hour of one gallon of sea water containing 30,000 ppm sgdium chloride

can.thus be calculated:

NaCl content

113.5 =

50 x 10-6

of sea water = 113.5 gin/gal

22.7 x10~ cm2 = 227 m2 required

While

use of any

volume are

this is a prohibitively large surface area requirement for the

continuous surface in one plane, large surface areas per unit

available in finely divided material. Such finely divided

organic material that conduct active transport of sodium and chloride are

unicellular algae. Some unicellular algae are known (781to accumulate

sodium and chloride ions to concentrations considerably exceeding thali

of their. environment. The source of energy for the physiological trans-

port

mass

of the ions, sunlight, is free. Unicellular algae can be grown in

cultures (146).
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Since it has been found that ion tmnsport processes in different

organisms are quite similar, for the purposee of rough approximation it

is assumed that the energy-surfac~ ratio for transport in algae is of the

algae nece8-

be found in

may contain approxkmate~y two cubic millimeters of cells per milliliter

suspension:

from 1 gal,30~000 ppm MCI sea water in 1 hour.
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Part I proposed a method of utilizing algae for the

conversion of saline water. The method incorporatedthe

unique feature of recycling the algae in order to reduce the

quantity of algae that.must be handled and to eliminate the

generation time required for the production of fresh algae.

111, Objective

The objective of th~ work (Part 1), was “to det;erlM~.H&whether

algae which are known to accumulate internal concentraticms of

salt in excess of the concentrations in their environment will

secrete salt when their metabolism is inhibited.” It 800TI

developed, however, that, other than the several types of algae

reported in the literature survey, no additional informatim was

available concerning internal concentrations of sodium chloride

accumulated by algae. It was also found that the types k~~ownto

concentrate sodium chloride had size or cultur~.ngcharacteristics

that made them unsuitable for the use intended.
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It, thus, developed that an intensive screening program for suitable’ algae

had to be instituted. This became the major effort of the research, since

it was desired to accumulate as much information on this most important

aspect of the suggested saline water conversion method in the brief span

of the work. Accordinglyt noitests were perfomed on salt secretion or on

various ways to influence algal metabolism and sodium chloride uptake.

IV. Procedure

Fresh water and marine algal cultures were solicited from laboratory

sources throughout the country. In all, something over 100 species were

obttined and screened during the project. The cultures were maintained in

cotton-stoppered,agar slant tubes of the stock culture medium. Composition

of the stock culture medium was as follows:

Natural seawater (Atlantic) 950 ml

NaN03 1.0 gm

‘W2 ‘Ob H20
0.11 gm

Ttihydro~ethylaminomethane 1.0 !gn

%il extract 50 ml

Agar

HC1

The stock cultures

10 gm

to pH 7.0

were kept at 2s0 c Ufier conti~o~~ fluores.

cent lighting of 2~ foot candles intensity. Test media were prepared

from Atlantic Ocean water taken off Ocean City, Maryland. The ingredients

of various test media used are listed in Table ~ In essence, the media
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TABLE 1

TEST MTmlj’iUsm
-’...-..,.—..
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D ~hedi~ C dilutedto 2~~ and 5$ soil 25

1 W&act -----/

i 4790 ! .370
add~L.._._... ___ ..—______ , -—+

El 1.

+

Wedium C dilutedto ~~”~and 5% soil
extractadded. .—..— .-_—._.——+ ._

---Q?*4

=---eti”ciad=ad=-----------MediumC dilutedto SO% and Y2 soil

‘ ‘O-l ’230 P~-l
F Medium C dilutedto 7!%and ~% soil i 75 13300 I .972 i

! extract-added t I I 1-— .. . . —---.—-

++~TA - Ethylenediaminetetraacetate
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consisted of full strength, 7S percent, SO percent ati 2$ percent sea

water with varioun nutrient and trace additives.

Medium C was adjusted to a pH of 8.1 with HC1 where S percent

C02-in-air was infused into it , and to a pH of 7.0 where air alone was

infused. In preparation of the medium, the natural seawater, NaN03,

N%P04, trih@mxymethylsminomethane and HC1 had to be mixed before

the trace elements were added in order to prevent precipitationof the

latter. The medium was ~en saturated with pure C02 to remove all traces

of phosphate precipitates. The medium was sterilized by filtration for

imnnedlateuse or stored in tightly stoppered, sterile bot~les.

Soil extract was added to media~, E-1, IL2 and F. The extract was

prepared by steaming equal weights of soil and tap water for two hours,

allowing the suspendedmatter to settle and filtering the supernatant.

No attanpt was made to determine the minimum numbar and concentra-

tion of additives required since the primary interest was focused on

aohieting rapid and good growth.

All uptake studies were conducted in test tube cultures maintained

in transparent water baths at 25 ~ 0.2° C, and were started at 6SCI foot

candles of continuous, cool, white fluorescent light. men growth became

clearly visible, the light intensity was increased to 1~000 foot candles.

The cultures were aerated continuously with g percent C02-in-eir or air

alone.

Temperature of

controlled 200-watt

the water

immersion

bath was maintained by

heater working against

a thermostatically

copper-cooling coils
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suppl.iedwith a continuous flow of cold tap water. The water in the

bath was continuously ati vigorously mixed with electrical stirrers.

TIM water baths were made of clear lucite and were illuminatedby

parallel banks of bO+att fluorescent lamps placed approzdnately four

inches from the culture tubes. Six lamps were on each side of each bath

and thus supplied equal intensity of light to both sides of the cultures.

Culture tubes were either I&or 2h-millimeterdiameter Pyrex test

tubes fitted with either cotton, in the case of pure cultureu, or ribber

plugs with central aeration tubes of 2-millimeter inside-diameterPyrex

tubing .

Aeration was supplied from a tank type air compressor and pure com-

pressed C02. The mixture of C02.in-air was regulated by calibrated gas

flowmeters. The gas was delivered to the culture tubes via brass distribution

manifolds having 30 ports, each equipped with a needle valve. Wlivery pres.

sure

tube

was maintained in the range of 8-12 pounds per square inch.

Inocula for all experiments were prepared as follows:

1. A mall inoculum was transferred from a stock culture to a test

of the appropriate medium. The new culture was incubated on a reci-

procating shaker with the culture tubes inclined at a 150 a@e with the

horizontal to permit thorough ting. An illuminance of 700 foot candles

of cool, white fluorescent light was maintained and the culture room was ,

kept at 2S0C.

2. When a culture density equivalent to ’10percent light transmit.

tance, as measured through m18+nillimeter diameter cuvette, was attained,

10-milliliter aliquots of the test medium were inoculated with 0.2~ mini-
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liters each of the suspension. These cultures were used for the up.

take tests. Care was taken to ma:ntain the cultures in pure state up to

the final step or throughout the entire procedure.

Each culture tested for uptake was sampled at two times during its

development. The first sample was usually taken when the culture density

approximated 10 percent transmission as judged visual~. The second sample

was usually taken appr~ately 48 hours later.

At each sampling, 3 milliliters of culture were withdrawn and centri.

fuged in a centrifuge tube having a specially designed,graduated capillary

tip. After l~minutes centrifugation at a field strength of 1,100 times

that of gravity, the packed volume became stabilized and was read directly

in the-graduated capillary. Then, exactly 2 milliliters of cell-f!ree medium

was transferred to a Neutraglass sample bottle containing 98 milliliters

of glass-distilled “-ter. The contents &me thoroughly shaken and were

used far the uptake analyses.

The following analyses

1. Sodium. Sodium was

analysis using the Beckman

attachment. Slit wtdth was

millimicrons was used. The

were made:

determined by standard flame spectrophotometric

Model DU equipped with a hytrogen-oxygen flame

0.02$ millimeters and awave length of 589

ratio of ~gen-to-hydrogen gas pressures was

10 pounds per square inch to 4.5 pounds per square inch. Each sample was

compared with an equivalent sample of unused medium. Curves relating lumi-

nosity to sodium concentrations were prepared for

gation. Sodium in the final medium was determined

the original medium.

the range under investi-

as percent of sodium in
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2. Cotiuctitity. Conductivitywas measured with a General Industries

0.2*to 2,000,000-ohm electronic bridge with a l~milliliter, pipette-type

conductivity cell. All readings were corrected to 25~. The cell constant

with O.lN KClwas 0.328. Conductivities of the medium before and after

growth had taken place in it were determined and compared.

3. C’hlbride. Chloride” content was established by conventional AgN03

titration conducted with a chromate indicator. The strength of the AgN03

solution was’ adjusted to rewire at least ~ milliliters per titration.

KC1 was used to standardize the AgN03 solutions.

Duplicate cultures were always carried throughout

analyses made on each. TfipMcate so@uh analyses were

&ti the average value used. Mpl.icate conductivityand

were made and averaged for each sample.

The results obtained from

are presented in Table 2. ‘l”he

T. Results

the course of the

made on each sample

chloride analyses

the ,uptakestudies on fresh water algae

same data for marine algae are given in

Table 3. Only those algae which showed growth are listed in these tablks.

The code designation of the media refer to Table 1 which gives the compo-

sitions of the media. The percent sea water is given again in Table 2,

however, for ready reference. The nmber of hours which the organisms grew

prior to uptake determinations and the density attained, in terms of mini-

liters of packed cell volume per milliliter of culture, are listed. Gene-

rally there are two sets of determinations for each alga as uptake te~ts

were made at two points of growth. The sodium and chloride content ani tha
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TABLE 2 {continued)

EXPEHMIMTALRESULTS

FreshWaterAlgae—.

,— .—

77! lmdiumafter Growth!
! MediumBefore hillas % of medium

Chb?ella vulgaris ~ A-1
1

25
..&:....:!:__._’_l@ ~l@ 101 ~ - - \—~.. -—-—----.=. -.-. ......-.. —.— . ...-—.—.-—.-.-... -- — -—- --——- -----—— ——,

Scenedesmusbasilensis A-2 ‘ 25 I 77 .003 99 101-.. —.....-.-—-— —_ ,._._... .._______ ,-_, 98
t-—-—— --- --—---—– ----- + –—-’ ----

.~3*3 .__O-_,~. .. . ....- _.. _ . .. ... .. —--4.-.-. —.
I

n H ‘ A-2 ‘ 25 ~ 125 .011 i ml 98 i -_95_l: –. ->”2;. . .. . .. . .. .—. — . .. —-----...—— —7--- .-. — .—..- .. . —---+— --- -– -j
iCoelastrumproboscicleum A-2 ; 25 ll@ ; .006 ;9992, 96 [ 1.7 u.4
—-. .-, .,_____ . .. . — . . . . i !-~ ----?-”” “+ -? ‘“’—”---- --:

Frotosiphonbotryoides ~ A-2 .!25
~

77 I .004 { 96 101 I@oo 12.5-,
— .-- . .—..—- .. —-- ---------- _— 1. -. -- -- -- - .--– .— -.. L-.— --------- —.——. — ---- - —4—------ ---————

.—.-~ —. .- —-- -. ..- . --L-- —--—---4----- - -— -------- 1-------- ---+- ----...--+——--+---.-, ,
Gyroffianahwicola ~ A-3 ~ 25 ; Us ~ .003 102 101,99 i.:-, 3.8 j

. —— —— -.--~— . -L ----- -- —-----d---- — - ----- .-1 --- -—— -—-– ----- + -— —-+ —-–.-—L- ----- — —1
u u ~ A-3 ! Z

! ~~
97J 101..-L– -- ;-.-’”Y._.-?!9-+ -- ___L-–.

: J.1
----.-.— +. .—-—. - ,,.-....-—. ..

Ooc@is %egelii

4

A-3 ! 25 ~ ~& ●N7

1 1----

95 ] 96 ~.9 _! 3.0
!

I 98
—--—-.—-—-.—. .—. ...— ----- .—~- .—-——-— .—- --— -——-- -+—-—-- —— —

n --l
m

k

A-3

t

25 ~ U , .013 ; 97
..-— —— —-.—— ‘–-— >—-—–”-’ -–-”—---” ~

Chlamydomom-sfiaewusii(mutant697) I A-3
1-

i
1’

““--~;;’*-++:72 ! .O@
.-— .-—.—... .... .. — “’--–—-t- --;;—– ‘—

I:_.=._
11

~--–
A-3 +:

—-- ‘--~ ~

“---t-- -1
~S_~ .016 : l@ ‘ 9L ! 3*9 ~

,- —.. —
L!9~Ydmonas inflexa “–

. ..— — –-—”t--t ----- 96 ~---- :-- —~
—.-——-— Ii A-3.. _. . ...i .._....?5. __ ,, ..i ._22-. [ @l_. : 103. !.lQQ._.-_l~ -j- b - ‘----- ._,._ . . .

x Rep~rted only ~e~ uptake took place ... ... .._ ___ _
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EXFEFKKENTALRESULTS

FreshWater Algae— —-

Chlorellaellipsoidea I A-3
I

---t--

25 I 72
----l-L

● 002 103 ; 1~3 IQ ii J:
.—— —. —— .....-— —. —-—--+—–– -—-.-— ------—

I
!1 1$

t
- .—-—_-/-AL. ---

25 120 ● 011.1 ~ 103 97 96 : - ! 2*2
L —.-...

1
,ChIamydommasincerta

t

A-3 25 ’72 . Go?
,,i;+:

103 I 100
i— --. —--- . . ..—___ . ——. . _—---

--t

A-3 25 120 .016 97 1*9 3.2 ~
L.-.;:..-.........._’’-__. .–__ .—___ --- -.—t I

,
f%lamydomonas ~oewusii.(mutant6969

i

A-3 25 168 .007,!—. —- -- .-..-_ ___ ----- .+ .<--,._. ---- ----- >----- .-. ,--- ___ .- _. ._ :s- --”%- –~-+1 :11 It A-3 25 24o
----- .

●009 92 93 ‘
-—.-—— _..._____ ._.._.. ——- .. .—__-...—--—-—..-

Pahnellococcusminiatus

1-

A-4 - 25 48

., -_4w6 9.6 i

.003 103 99 99 \,- : 3.4 :
——. --....— ....— ——. - ..—— .—.—— !~ 1

?!
——

tl A-4 251 84 .016 108 102 lol; ~-;-

‘Chlorelkpyrenoidosa{Van~iel) I
A-h 25 48 .001 lcb 10Q 100 I -:-

—. .——-—-. —..— —. _. ...___ I IU !1 11 A-4 25 84 .015 IN 104 100 ‘ -,-
—.. ~

ChlorellapyrenXZsa (Emerson) A-4 25 48 ● 002 102 9L 97 - i 3>.7[—--— —---- _..- —-—_- —..—.--q
!! !1

.—
It A-b 25 84

L ! .020 j 16 98 99 /- ,-
—— ...-. -.—.—______ ______ . . .— .—------ —.—.._.._. ..___-: _- -1—-—.

-%Reported onlywhere uptaketook place



‘IA3LE2 (continued)
EKPERIMZN2ALRESULTS
?reshWater Algae

o

—. ,-
1 j

\
liediumafterG

1 IiediumBefore ! {Allas~ of me
I Inoculation

I GrowthI
I

I
I lt-

‘befo

Species
I

1 Final
Density

I

‘Chlamydomonaspseudococcum
t

L
A-h

1
25

:-. — -_ -—__ .. . ..- ._ ___ . . . . . .._ ., —-

!t
t

>—. — —-—— “ ---k--L 25
:Scenedesmusspecies I A-4 i pj

I A-4 I 25

‘-—-”---~Ankistmdesrnusbrawii
I —— ____

‘“--------‘--1-=-1-=--;Chbmydomonassimplex
~—.—___ ..- _ ..— ...__ .-.
!Chlamydomonasintermedia

t=--t-”=--”
i------- - --- --..__. . . .

I t
---.4...-- -- —.._ . ...

It A+’ 25’

‘P==’=~M~=== ‘- -t t-
.—..--- .--—..——-- —--—

A-s 25

~
—___ .._

II
— —.. . -.. —._ .. —-. _____,.

tl

j_ A-5. . I -..2;

t--- ------- .
!Chlamydcmonaspulchra
I -1”- “A-S 1-’”-”25
,--—. - ----- .. ——.. ._- .-. _ .__. . _ ___ _ ._. ,,.. . .
/ “ !1

i A-S 1 25

~---- --- — ---– —-
,Chla~domoms eugametea

‘“”-------t=---t---~i-., t 1—. ——-— —____

Mlepotiedofiywhere uptaketookplace

8b I ● 015...-. . ..— —.. .
105 .020

90 ● 009
—

120 .017

– 85 ●OC4
—-—.— ..—— ----

120 .011
-—.—-..- .-. .

72 ● 005
----- --- --..- -

96 .016
-.. .—--- .-——

72 .005

96 .011
4.

72 - .003
.

96 .015
——. —.——

90 ● 009

Na4

1c6

101

103
.—.

101

105
———

93
.——.
102
.
90

- -——.
101

96

101
.-

94...——

97.—

100-.

99

99.——

96
.——

99—— --

96
.. .—.

1C4
-—.

9?

103

92

99----

94-.——-.

103
— –.-

JI100 -..—.- .— .

*

=i--

—— . 1-.– . ----

96 -
—.

loo ‘ -

95 6.7.$.__. —.

Loj -
.——

‘1:

—— --.

95 ~ 1.3
--

io2

92 3*7

104—.-— .-. —..

93 4.2-— --. —..--—

__ J 3:498
—

-.——
cl- ‘

.----—

1.1
-.. —

2●4——

2.5
————-—

3.7.—

.. ..—.. —-

1.9
-...——

.——

7.8.—

3.4-——

4.2

—.

I

m
m

I



TABHI 2’{contf.riued)
EXFER1hENTALRESULTS

FreshWaterAlgae

I
Kediw,

●

~Chkn@xnorm eug=:etos
I
! A-5

—.. . .e---- +“

(xmsmydmnemas moewusii I A-5
. . .. . . . I -. –.-.

!1 f! I ~+
-. J .-

i Chlemydcmonasgyru~ i A-5
k-- .... .. ...— ..—.-.—. —.. - ...7..-..-

!f 1; J-5
- ... - --...-----......—--—. _.i. ...

[ Chlamydoimomsspecies ~=.~
+— -. —.- ..4 -— ..

I“”fl I B-1

(Scendesmusobliquus I B-1

I
-. ––+-—---1! 1! j B-1
~ -- ---–. ... .. .. . . .. ..__

----+
—.-——

IChl.orellavulgaris ~ E-1

I
—. .,........._ .-,,------ _____ .>-,_____ __

1 n “..
! B-1

—. .-

~1
I
Intracellular++

t Final Fiedi.um

25 ‘ no ~ *013 09i91; ~ 9.3: 7s
1 ,t -- - ---- . -T---- - -I

-... . . . + --= -- --- ----- - j- - ..—

i25 _4 $76~ *CM 96 99 ! 98~---—. —-.—. ....—.- ?-——...——— ——..~.?:+;-----.1
I

?5
I

7* ; *cc@ : yJ _ :-0-”- 1..:; ~lch;-:.+-—..—. . . .+ . . ..-. -- —’.* ——. ---- . . . . . .— - J.. . —-------- i

——–— ---L —————4————.—— -.4------ - ---- : ----—-- i-. . ---- --—. 1

——_—. ~-~. ! .-.L-—.’-.--L –.—— J

-,-. .- —....+.— ..— +_._._.–_ .+ I L .— .-—l_ .-. + ~.. ..-. .. . .. ]A---- .—._-4___ ,—. -

~ Reportedonlywhen uptaketook place



TAB~””~ (continued)
EXPERIMENTALRESULTS

FreshWater Algae

\Chhmydcmonas reinnartii B-1 ! 50 96 ~ ,Oc!b 100
— .—.. — - j *

tl t! B-1 i 50 168 , a04 96>
.— —.——. –—----+--– ---i - – + + _. _ -_

\.—— .— . . . .— - –—4 ------ --–-–t - - -A- --- ‘-- - . —. . .. L----- .- ——-. . . . . 1, ..- .—— —

‘-. - .- . . . -T ---- ..—.-——— —–~- —— —–-----+----’--”-i------—

p — .-. ..— ___ —— .—-— -.———. +- -+- -- ---- -- --”
.- . . ..- .; ..- .- --+ --- - +--- —

I “ i 5’0 p-h ●019
+--------- --- ----- ..-. —-. .—. : ..—.— ..- -. [
jScenedesms basilensis \5

.. ... .—— - —.-+---
t----”-:-’- ,

I

j<
B-2 0 I 120 Trace - - -

- -. 2
- --t

.-—-—-t-

__________

..—— ----..— ...- —— ----
+----—–-+ -–---—-—--—

~Coel.astrumproboscideum B-2 , 50~

j-----

132 Trace:-”-l- :{ -
- 1’

F;;&ciphon botryoides
——. ~“ ...... ...... - .

!B-2
-i------

53 1 77:.004
k- - .-=.—— .-.=
~ ““- - ‘“-i

.—*
~B-2 I 50 . .7‘—+:* ! - :*LI 125 ! .013 L

t~&~ffia~ humicola ~B--3— -lye- ‘“
::-

__--——.L. —.
t

~_-–. __- T._-_.. . . .. - :i ....——

i 115 ! .002 ~ ___j ______. -----

t-- +?+--”””-- ‘–’” “-
+

103 ~102 102
.._....._ _

L.L-:-::-._._. ....... _.L..-__.-_J-----

~:
~ 160 : .003 ; 109 Mm ! 98 ;I - -i,— —. ——

* Reportedonlywhere uptaketookplace



I Iiediumafter Growtq
MediumBefore (Allas $ of medium ‘

I Inoc&tlon Growth beforeinoculation)] AFTER GRCE?IW
1

I Species
I ; Final : IIntracellular+

:Density \??inall%di~
;{<Sea

t~edium I Hater ~ Houre.;(m:zl) I Na$ ! Cl- ~ Cond.\
.._iiF_...-_

cl-

OocystisUaegelii
I ; n&; *oo5’ :102B-3 [ SO ~ 101 ; 100

-—._.,

-1 I .I ~1 . . -.—.—-..
H H B-3 ; 50 ~ 184 .011 ~ 105 ; 101 ; lol ;--

—— ——.— . .- .--, .. .. . .. -. . -
Chlamydanonasmoewusii(mutant69?) B-3

..:. 59. “’-j 115
i; -. .——.-.!

— .,--- ..-..= --- 1.- .... . “-l“oo~--4--:3---”[ –9voo-;----J~~— “
II I! !! [ B-3 i M I 160 ~ .015’ ~ 105 ~ 101 97! - - ‘-— . ..-.—.—. -— ...,. ..—-. .

Chlamydcmonasinflexa
—. .-..... ... .. . .. ..4<....
, If fl

B-3
......- 50. __].j!O .!.‘o@ J 99 J 97 j 96 ~ __&~ 5*1 -i&..- ;.. .-—.. —

. --——-—. — -------------- ------ .“...-— -.

Chl-orell.aelkipsoidea

~— --,, ‘“‘“ “;,
-—.— ——— -—-—

I ..- -. - . --- .—— —-—. -— - -

~ Chlamydanonasincerta
L— ------ .-

M It
+-_ -------- ______ . . . ..-. —
;ChlamydomonasWewusi.i(mutant696~
,--— ----- --—.- -—-_—

If n u

-.. .

._,...;_ ..+::.. ~+;;j..!:..::.:: -:.? ;*7 ~ 1B-3 ~
-.—
B-3 ~

——-. ....--——— —--

T+...

-— .— —-— ...——— -—. -—-— —.

B-3 ; 50 160

i

.017 i 107 ! 100GO - - ;
.—.—.—--— -. ..—---.— . .-..{---------+----- —--
B-3 ~ 50 7’2 “:;05 r..—.-.__.—,.I

1
103 I

.4-- --- . !.- 10L1:l : -=. —-”—-”

.-. . .. .. .. . . .

* Reportedonlywhere uptaketook place



TABLE 2 ‘(?htinued)
EXP~~iENTA.LRESULTS

Fresh~JaterAlgae
P

Ib ~

I

hediumafterGrowth
luediumBefore (Allas ~ of medium ~,
Inoculation Growth

i
beforeinoculation

7
Species

+~~ GROWTH— —:

~
~ Final ~ ‘

I
Intracellular+

~ Density 1

I
$ Sea ~pw!

tiedium ljater !Hours ~ (ml/ml)~
-

Na+ G1-. cod. !’:;- :i:.’cl- \
! !

,48” /98:991-
Palmellococcusminiatus ;B-4 : SO .002 : 101 \10.2..-.

1
t! H !B-4

—-- -i--.:! ---~-.84-...L-----.4--- .-;1!52?- -.---: .-.-.:
.OI.4: 109

..—.-.-.-.-- ------.-—-. —. —

Chlorella pyrenoidosa(VanNiel) ~%~ ! so M ;_ .001 i 102 : 101 ! 102 ‘ - -
—--.—-—- .. ~ ..-.,

!1 r? 11 B-4
— - .— -....—.— . -— - .-..-:.”:..-%:..:.:;.-..8!...-:-M-#d; ~ 1;3 “ - - :--—- ---------+ -———- —-—---

Chlorellapyrenoiddso(Emerson) I i
B-4 50 : 48 .002 ~ 102 \; 101 96 “- - i

1- . .- .----- .....- --.- —. — ..+- ~ - . —-.-----4--------~--—-~-—------—----+..-—.
11 n 11 “B-4 ! SO

----. .-—-. ....-.-.— —.--.— ~— + -“—---+ ‘“”“
ChlamydcmonasPseutococcum ~B-4

--—.. !..- ?----
n if ;B-4 I 50

....- —__ .- —..-—. + .- .. . . –
t“

.— - .—..- . .
Scenedesmusspecies IB-4

... - ..-. 1. -50-----
Coccomp sirllplex .B-4 - ~
. -. -. .-—--- -.. .. .. . .
Ankistrodesmusbraunii B-4

~.....50
‘50””””

--—.. —.—. —-—--

V

—. —...
Chlaqydcmonassimplex
-.... — .-.—---.-...;::------- --~~-----
Chl.amydomonasintermedia 1-.,,._.-.._ _- _.,_,_._. ..—. ----~-———

n n
-“”+ 50 ‘---”

‘B-s ‘ so
Mteportedonlywhere uptaketook place

—.-. .._.&.__ -._~ ----- +__.-___+. .—.—-: I

8.4 .&i ; 105 ‘ 97; mo i- A.4 ‘ %—. --------—.-A. ..—.
+ 99 r--

-—. —4- —— ---.—
lc8 : ●010 i 102 ,

!’”

~;;-=;’
\.-----------...__ . ...____ ___ _.. .-_. .,__7.

90, .003 ; 105 : 102

“I-

----4“- ‘- 9-9-JJ-----:=--- -!
la ‘- ‘-:- -Trace I

.—..—--— --i-—–- I -t - ‘- ‘-----j
165 Trace~- ~-

—.— —— —.. — .--4—--—
120

+—_:._~$_:-._ 1- ..:

.& ‘ 94 ; 98 { 97 ‘6.9 3.3 :
-t

[

...-_ _.___.d. . . . .... ...... b
96 j ,006 1“

-{-””-”-
93 h k2*5; 92.-.+.93. -- ---: - -; .—..-—-

120 ‘ .011 ‘95b! 95 .~.:4*?;4.7 ‘.



TABLE”~(continued)
ExperimentalResults

FreshWaterAlgae

I Inoc~atio~ ! Growth !beforeinoculation)] AFTER GROWN ,
Species 1 Final i f Intracellular*

! I I Density; Final Nedium ;

M It B-s
1

SO ~ -l~~_ .012 ‘ 96 ! 96 : 96 “ 3,4 ~ 3.4
. . .. .— .. .-

Chkmydcmonaspulchra M 50 !~ .96I .C@
—. .— --- —— ---—-.—-- . ._.-.i. . .

lt If B-S 50 i I120 .012
— .. .-.. .. .:_,..- . . . .

,
I

,..

Chlamydomonaseugcmetos B-S 50 ; 90 .009
.

1! t! “;-5 i)
--; .ll;.l .-

1
+- 7--.--—-—7. - --! *= -
Chlamydomonas~oewusii B-S 50 ‘!

1 I

120 ~ .008
—-. . ..—----.— —-+..—-—. ......... ....-. .—
FChlamydommas gyms

I
——. -

; B+
! 50 i 72 ~ ● 003

—--- . . ~-
n 1? @ ; ‘“’50 i I .Oi’

k.. . ..1

.—.—...-.— .—.—— ..— ..—.- -c .-._._._.

Anabaenaspecies
.f.-_9o -. -

25 ! 240
I

. O(M
- ---- ---- f----- -– ------ -

t] il D 25
——

“+ /

.—-.. ..-— —

I

------ -.--L28:- ‘ ~ol~-
&acystis” mid;lan~ D 25 I 1..44 ● OG~
1

J_

* Reportedonlywhere uptaketookplace

‘[””-
.—

10.5“-951 96 ~ 93 ..
.-i- !

3.; .1:2”5 ---

96 ; 98j 94. I ~,~
.-

‘-: I

—--;

99 ~ 1041100 ; 1*1 -
.. .—

-i

94 “96:94 : 4.?’” 3*2 I
i—-- ----- .-. .—

$$ 102 ; 99 6.6 – ‘:
.. -.:-.—. —-

101 1~ ;1C4
.. I& .–-~– .. - _ --.-_.-_n

97 ‘ ~03 I 99 ----

-t

3.8 \-i—...

98 lol_~132 “2.6, -;-. .. -

90 100

._~ t-

98 9*1 –-.. — ---- —..- ..-

98 99 99 “,2.2 , 1.1
!!____..___ ____.-
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FreshkbterAlgae

++Reportedonlywhere uptaketook place



TABik 3

EXPERIMENTALRESULTS

IiarineAlgae

Species

Chlamydomonasspecies
, -—- ...—

)t It

- ——. — ——. —

I
Nannochlorisatomus
1-—.—- . .

I !! tl
—. ..- —. -.—.. -— .-— .-— .—.-

IPorphyridiumspecies

P-412

r.—---..__..-,...____
L—-— -–—-—-——

1-Stichococcusbasillarisl
.—. ....= .—.._ ______ ...

t! II
. ..._ .—

Chlorella species

!! It

I 1 ~XediumAfter Growthll I
Piediumbefore
Inoculation I

““”’d-—l —- ~!
‘beforeinoculation) AFTERGROk~H~,

—-”~

A-2

------4----

25
. ..——

A-2 25
_.. —

A-2
I

25
.---—.— ...—..— —

A-2
J

25—..——— —.....—-.-—-

A-2 I 25

A-6 I 25
—–--–+-– ‘-–” --

A-6
–--J

25
——

A-6 I 25

Final
Density

(m;~l) ~ Na#

!.002 97
...----

@021 ml.—— -... .——

.003 j 101—. -.. . —--- -—

.026
-1----

101.-.

.005 i 100

.007“L“102
.,----------...

.013 100—-—— . - _

.001
--l

lo3
.-..-——- .—. .-

.007
!
103— ——..——..-_,—.

-----1.009 97’

●019 i 99-

1

A-6 ! 25

1 Normallyconsideredto be freshwater variety,but obtainedhere frmnmarineculture.
2 Unidentified.

{ours

53

96
-—-.-

77——.—

125

77

102
____

126

126
.——-

198
-.-

78
-——
102

I 11-

j~ Intracellular*
~ ~m=;d~fi

cl- Cond.

-k+. ~.clw

100-.--1---------loo l!
15*54--------L---

99
4

9bi -_;- [—. .. .... _—..—

100 lo6 ii - - I
—.- ——— : --- i-—--

! -i
10C) 94 -.- —.— —.

““-k-”—---’
100 99 - ~__ -—

99
--l-
97 - 1 1*4-- ...... .--...———~_________

107

-t

102 --
—— —. ..—.

107 103 --
—.-— —

‘!“--------F :

—-

93 98 - 10.7
...-. ..—. —..-—

92 98 3,4 9*6
+

106 m2 ~= ~-

t
0
w

I

* Reportedonlywhere uptaketookplace.



TABLE 3

EXPEIUMENTALRESULTS

UarineAIEae.—

I Mediumbefore I

P
3noculat

Species

I ~,~1~

—.

Cartei& fhii
I A=-6

&

. .. ———. — ———.. . --. —..— —-. . . .. .

!l II k-6
... .-—

Carteria species ~.6
——.z-. — — .... —

It n
J

~.~
.—. ---—z. .. ...

+

Iuatymonas Subcorciifcimis &-6
..-.-----—.

It !1 A-.6
-. .. . . .... .. ._ . . ,

M1.amydcm.onasspecies ZJ.~
..—._ ._. _ .,.

!t ii
—. ___~2-2..— .—— _ ,._

wu2Mil.olzis Otofius r .X2
—.. .

f

—...
t! H & 2

-. — — ...—____...
Porphyridiumspecies ~.~

—.~

* Reportedonlywhere uptaketookplac%

(Allas--%of medium i~i
on Growth beforeinoculation)II AFTERGMMTH ‘—... .

25’----

25
— —.-—J—

25A.--—— ......

Hours

1,26
--

75.—.~.-..

Final
Dmsity
Pcv
@ll/’fnl)

.017
.-

$

->
~ ’02 ; ._i_2 ..‘ .= ..- _ .. _ , __ ..-

-,...> I “::------J---ti::-...—’- —. . .-. = ____r

g!J I ~ ,,,,:.53I..— — -—-...—— .-—L— -.

:-i,-:. :.- !-
a . XJ ,+{

— -- +=-=---- .’..-. “;”=-- “-

f:?: 1-.......=--
i...:.-.—...+-q._-i.
f

-4, . ..- _
-. : --- —- -. ---- . . . ._...—. , ..-. — ‘.-A. e-.=-=: >=...-.. .-A ,



1=4,.. kk.lkiJ- B“6 I 50 1 ],q~ I
—. .—— . .. .... --L.–.-. ..–.._L___:-.---.{

! CMmella spcisx B-6 1

F-:------

5?_+..-_ ....—-

[

-.-E..1.

“-+ I

B--6 I 50~— .. . — .——— .%.–j -
~Carteriachuii B-6 50 78 ~

liediumAft G &
(Allas % ;medlum

&s

. .. . .. .. . .. .. .... --..-— .+ ---—– .y-.— — ——— ---
1
i

~ ~-}: i :!,:, ,-H:26-----...v-----. ----- lJ
.002 i 94

KjJ_:.. ___
101 , 31.4 -

~
1 1 - —. s B -—

‘ –-—--t---- ‘—-

Ii t! B-6 50 102 ●o@ 93 92 $)3 9A me8

,Carteriasgecies B-6 50 78 ● Oa 98

r

96 98 5.1 10-6.—. .—
1! !! B-6 50 102 .012 96 2.5 2*5

IZLatjmwjassubcordifo~is B-6 50 78 .OC4 99 98 99 2.5 5.1.—.

i “ Ii B-6 / 50 102 ,011 97 95 2.8 4*7

Normallyconsideredto be freshwater variety,but obtainedhere from marineculture.
Unidentified.

Reportedonly where uptaketook place.



T&Z 3 (coniinued)

EmEl?IhENTALRESULTS

MarineAlgae

Species

tmnaliella Edina

]Mnaliella euchlora

I M !l

r-...——.--—..—--—.............,..—
Monoohrysis

.-..-~- —-—...— —-

1 It

IDwliell.a salina
~—... .-—-

11 u
I—.. —-— ——. —
~Chbrella species(Lewin)
:— -----..—..—.— —.

i II H II
t

.—z .—— . .

{Brachicxmnassubmarina
-..—.— .-.- .— -.--._.—

,Brachicxnonaspulsifera
, ...__..-.._--- .,..
i— “II !1

I
* Reportedonlywhere uptaketook PI

I
~Medium After Growth

Mediumbefore (Allas % of medium
Inoculation Growth beforeinoculation AYTERGROWTH

-.~ -—--—-––4–––––+------ --–i-------+ – + ------++------+ ---–--—l

c ---- ;: :;y~~:- -._:;_*.j:i~.-_;;*;.._~100

c 100
—

‘+-$1‘1:-----
-——-———

c loo U@ .00’ ‘ 99 g~ 99
—----- —. -— --- .-- —--- ----- -. .—.. -- +

c 100 170 .020
+--

96
———. —--— —.-— --. — -—.—...-— . ____ .

c 100 M.lo .010 i 100— —— —-—-. — .—— J

.—-—_—...._.- ..—.

:f, ;..$,__~. .jjj, ~:gj &

I

[-

.—-–~._. -; I

-+!+
1--12.7.——

1.2 -

1.1 -13●4.-+ .....___ I

------t---- --!

I

u?
m

I



TABLE 3 (continued)
EXPERIMT1’ALRESULTS

karineAlgae

kediumAfterGrowth : ,

MedidmBefore (Allas % of medium I

Species Inoculation Growth ~ beforeinoculation)! AFTERGRowrH
I

Final ;~Intracellular*
Klensity ‘?7j:::.?.Iiedlkm

1“
I Sea

Medium l,e~a~er Hours (m;~~) Na+ , cl- ~
+ ~.-—...—

Cond. Na#
I cl-

(I

Cryptomonasspecies E-2 50 , 96 1 .006 102
,

}1” : ---

99 : .99 ~- 1.7
,—..— .— ——-—. —— .—-—----..... ...——.—...-.-.— —. ..—-....—

~

-. .--.- ..——
II It E-2 50

t

‘120 ●011 101
i-

102 ‘ 101 -
. --.—— _ ——-.— .-.—.. -.—__“—-.. —, .—-. — —.,-— ..-.

Brachicmonassubmarina F 75 120 .002 98 101 100 10.2 -
—..——

-“-t
— .——-.—-—-..—— -. .. . ... ——

!Brachiomonaspulsifera F 75 96 .005

~ :-11 ‘. l---t -~- [“--”

98 97 96 ; 4.1 6.2,—.. -.—_____ — ..-—.-..—____ . ....------

L

II II
.-,.- .

F

.—. __ ..

75 120 .012 100 1(X 100l“” - -—..—.—-..,------.. . .-._. ___ .____ ...—.—. -..__ _________ ___ ..- .____– +—-–-—-----
Cqptomonas species F 75 96 .005 10CI

l--”-”-[

101 1004 - -
——— -— -— ——— —.. — ...—-.—- — .. ..-...— ___ ___ ..— ——

n t! F 75 120 .007 101 103 lo2~ - -
——. —-—- ——. — -.——— . ——. —.— —-—.— —- ....—-,.—.—.-.—— ..——

+$Reportedonlywhere uptaketookplace
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conductitity of the rnedla after

centages of these values i.nthe

the table present the ratios of

growM of the algae are given as per-

initial media. The last two columns of

the intracellular concentrations of sodium

and chloride to the concentrations of these ions in the medium after growth

has occurred. They show the ability demonstrated by various algae to con-

centrate sodium or chloride above the concentrations of these ions in the

environment of the organisms. For example, the fi~re 5.1 in the column

headed “After Growth, Intracellular/ Final Medium, Nalt means that the alga

cited concentrated sodium to a fac,tor of 5.1 times the ~odium concentration

in the medium at the

presented only where

Uptake analyses

species. No analyses

time the determinationwas made. !rhisinformation is

the internal concentrations

Wi. Discussion of Results

weremade on 36 fresh water

exceeded-theexternal ones.

species and 16 marine

were made on many other species screened since they

did not grow in the screening media. Almost all of the fresh water algae

were

were

“were

tested in 2$ and SO percent sea water media, Most of the marine algae

also tested in 2S and $0 percent

tested in 7S and 100 percent sea

sea water media. Some of the latter

water media.

Twenty-seven of the Nesh water species grown in 25 percent sea water

medium demonstrated a reduction of two percent or more in the sodium or

chloride content or conductivity

or more df these characteristics

latter group aohieved reductions

of

by

of

the medium. Of these, 20 reduced one

four percent or more. Eleven of this

six percent & greater. Eight of them
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rtdwed one or more of these three indices by eight percent or more,

and four of thase achieved reductions of 10 percent or more. Twenty-

five fresh water species grown In SOipercent seawater demonstrated re-

ductions of two percent or more in one or more of the three quantities

mentioned above. Of these$ l.hreduced cm or more of the three indices

by four percent or more. Nine of these achievad reductions of six

cent or more. s0: of the latter reduced one or more of the medium

tics measured by eight percent or more, ad one of these achieved

of more than 10 percent.

pe~

characteris-

a reduction

Eight marine, species grown in ~~’percent seawater medium demon~tra-

ted reductions of two perceti or more in one or more of the above three:

indices of the medium.Thesemductions equa%d or exceeded four percent

in six of these species. Five of them showed reductions of six or more

percent. TWO showed reductions of eight or more percent, one of which ex-

ceeded 10 percent.

!Wne marine species grown in SO percent seawater medium showed simi-

lar reductions of two percent or more. Six of~hese equa~edor exceeded

four percent reductions. FOW of the latter showed reductions of six per-

cent or greater. Three of these were in the range of eight percent or

greater and one of the latter equaled 10 percent.

One marine species grown in 7$-percent sea water

ductions in medium content of sodium, chlortde and in

three and four percents, respectively.

Three marine species grown in full strength sea

uptakes in one or more of the medium indices of four

medium showed red

CQnductiv’ityof twoj

water demonstrated

~ercent or more,-. .
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one of which showed a reduction in chloride of seven percent and a re-

duction in conductivity of six percent.

All of the reductions of sodium, chloride and conductivity of the

various media were those achieved by the organisms in the culture densi-

ties to whioh they had grown at the time the tests were made. Since these

varied widely, an attempt was made to show the effects demonstrated by the

algae in terms of internal to external concentration of sodium and chloride

and of conductivity.These values, calculated, of courses only for those

algae which achieved uptake, are shown in the last two columns in Tables

2 and 3. Thes@ values vary quite widely for the various species. hny are

in the order of five-to-10.fold concentrations. Several range in the vicini-

ty of 30-to hO-fold concentrations.

The achievements of many of the algae seem quite significant. Howe-

ver, $here is one particular aspect of the results which indicates that

firm conclusions should not yet be drawn. ~is is the fact that approxi-

mately 25 percent of the sodium determinations and 20 percent of the chlo.

ride detemninations indicated that the concentrattins of these ions in the

test media had increased by two or more percent during the time the algaa

grew. This, of coursej is impossible. Algae cannot manufacture sodiun or

chloride and the initial inocula were too 8mall to contain these quantitie~

of the two ions so that they could not have been secreted by the algaet lt

is possible, however, that certain metabolic products secreted bY the alg-

could have interfered with the flame detemnination of sodium. No such

explanation seems likely for chloride. The most logical explanation for

these variances seems to lie in the culture volume corrections which were

requtied to calculate the results on the basis of constant volume. Without



erable quantities of ions when humidity conditions were such that the aera-

tion proce~s deposited moiatum in the culture to increase its volume. Con-

versel.y~if the volume had been decreased by evaporation~ the apparent con-

centration of ions would have increaaed at the end of the experiment. The

correction factors wera car~.ful~yappkied on the basia of referral to the

original meniscus tine which wau marked on the tube. The factor which impli-

cates this correction aa bwing rwpan:;ih%e in greatest part for the terminal

values of sodium and chlorids somet~xos exceeding 100 percent of the original

~~ue~ is t~t fie p&!rOent/O&~@$? ~Y:sodium and chloride compared closely

within each culture tube~ buL$ mu,Mwn”; occasionfi~varied between the culture

tube replicates. The duplicate analysas made on each sample were also in

indicating that tiheanalytical methods and techniques were



M A-3 25 m“f...4”?-.”-— ,I,w,.,*I.*!,,
Chlamydomonas
Moewusii (fnU-

Chlamydomonas
A-3 25 — :“,..!‘7-*,,m,_y-m.*-e,

A-3 25

1 inoerta A-3

i tint 69G) I A-3 2s M-m.,>.@

b I

11 A-3 25
hlorella pyren-
idosa (Ehersog) A-4 25

#l

* Reported only where uptake took place.



- 103 -

TABLE b (continued)
PROJT?CTUDUPTAKESRK5EllCM EXPERIMENTALRESULTS

Species

CJd.amydomonas
pseudococcvm
kcnedesm~s
species

&

LQL----
l’M.&mydomOnas
bewwii

f;hlanydomonas
gyrus

,Scenedesmus
obliquus B-1 50

@lorell.a
vul~aris m-l 56
Zhlamydomonae
reinhartii B-1 50

1

Scenedesmus
quadricauda B-1 5G _,
‘Gyroffiana
humicola B-3 * $0
Chlamydomonas
rmoewusii(strain
697) B-3 50 -

I II B-3 50

* Reportedonlywhere uptaketook p’lace.



\\
x Reportedonlywhere uptaketook place.
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TABLE~ (continued)

PROJECTEDUPTAKESEASEDON EXPEFUI!lENTALRESULTS

FreshWaterAlgae

from medium (as mediumbased on assumed
Final %’of orig@al pcv of .02ml/ml (as%

species Kediun Density mediun)~’ of originalmedium)+
Pcv I

(ml/’ml) ~alf ~1- Cond~ ~+ ICI” Conda

Ghlamydcmonas
.QC8 3 - .4 7 -’ “

I
[D 152 \ *008 2’ - 5 - -

L

~ ff
II f ~~ .012 10 .“2 3

Armqrs$is (
il’li.duh”ls D : 25 1 ● 009 2 -, .

/w@&?na [
W-he ID 1 25 *021 13 . 3 12 - 3
Anabaena f

.007 2 “ - 6,- -
Anabaena

*003 8 55 53’ 33 33
Anacystis j

1

midukns E-l i 50 1 ● 005 - 6 7 - 24 28
Iji E-1 : 50 L - “

Euglena
~~~ac~~~s E-1 50 1 Qb 60

II ~&~ 50 .012 - - 2 L
Armbaena !

catenula E-1 1 50 I .0C6 9 9 7 ~~ 30 23
Anabama

cylilldri~oa E-1 I 50 ● 007 “ 6 7 17 20

11 E-.1 ! ~0 [ .010 2 - - 4 - “ 4

x Reportedonlywhere uptaketook place.
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TABLE ~

PROJECTEDUPTAKESBASED ON EXPERIMl?.WTALRESULTS

MarineAlgae

1 I iMeasureduptake lCalculatedu~takefrun 1
frommedi-m (as mediumbased-onassumed

Final % of original pcv of .02ml/ml (as Z
Specie8 Medium Density medium)S of oriEinalmedium)+~

$ Sea Pcv
Code Water (ml/ml) Naf cl- c~~d● ~~{ cl- Cond●

J
Chlamydomonas
species A-2 25 ●002 3 “ - 30 - -

n A-2 25 “021 - 1- 6 - - f 6
Nannochloris
atomus A-2 25 .026 - - 6 - - 5, ‘

P-1412 A-6 25 ● 007 - - 3 - - 8
Stichococcu
basillarisY A*6 25 6
Chlorella
speci03 A-6 25 .009 3 8 2 7

Carteria
18 4

chuii A-6 25 “017 3 - 5 3 “ 6
Carteria

speciee A-6 25 .002 - 2 lb - 20 -

!? A-6 25 “OC8 4 4 2 10 10 5
P1.atymonas
subcardiformis A-6 25 .003 - I 5 3 - 33 20
Chlamydomonas

species B-2 50 30 20 20
Nannochloris
atomus B-2 50 ● 005 2- 2 8 -

P-412 B-6 50 .018 2 2 - 2 2
!

Stichococcus
basillarisl B.6 so .003 6 - - 40 . .

Chlorella

1- species
— — — — — — — — —E-6 50 ● 009 3 0 2 7 17 h

II B-6 50 ● 019 3 - - 3 - -
Carteria

chuii B-6 50 ● 002 6 - 5 60 - 50

It B-6 50 ● O@ 7 87 17 20 17 u.
L Normallyconsideredto be freshwater variety,but obtainedhere from

marineculture.
2 Unidentified,

x Reportedonlywhere uptaketook place.
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TABLE ~

07 -

(continued)

PROJECTEDUPTAKESBASED ON EXFERIMJHJTALRESULTS

MarineAlRae

I
Iieasureduptake Calculateduptakefrom
frcmmedium (as mediumbased on assumed

final ;:of Ori$inal pcv of .02ml/ml (a:%
Species Medium Density medium)w of originalmedium)

>;Sea
CodeWater

species B-6 50 *OC4 2 4 2 10

II 6

I
.
subcordiformis ●OLL - 2 - “ 10 -

i

5 3 5 9 .5

1“sa ~r~ B-6 50 ● 003 10 10 “ 67 67 -—.
H,uwliella

euchlora c 100 ● 025 3 55 2 4 4,,.-
Pionochrysis c 100 ,002 - 7 30 40!——.* h,
Dunaliellc.

I

~~j j,~ f,~J 1 100 .009 - 7 -

!; c 100 ● 020 - 3 - 4 3
Chlorella ‘
r+pecies (Lewin} c 100 .015 - 4 ~ . 5 5

?
Brachiomomm

pulsifora IF 75 .005 2 3 b 8 12 16 ~

* Reported onlywhere uptaketook place.
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fairly constant, 1~ rea~ng these tables, it should be borne in mind tbt

the values reported are the

rather than the percentages

2 and 3.

percentages of uptake from the original medium

remaining in the medium as reported in Tables

VII Conclusions

Numerous algal species have been shown to concentrate sodium~ chloride

or both. This ability has been demonstrated in 2SZ ~~~ 75 and 1~ Percent

sea water media. In maw insta~es, the degree of concentration seems

,considerable. It has-been pointed out~ however, that the data obtained

does not lend itself to detailed statistical analysis. The experimental

results are sufficient to warrant further study of the uptake of sodium and

chloride by algae. As a first step, experiments with some of the more

promising algae repotied herein should be repeatedt Special care should

be taken to preclude the introduction of possibla sources of error dis-

covered dting the course of the recent.work. Should the repeat experi-

ments verify the original results> alga~ will have assumed a significant

role in saline water conversion research. The scope of the research should

then be broadened to study additional species of algae and sodium and

chloride secretion tests should be tried on those species showing good

uptake. In additionj the kinetics of uptake and secretion should be

studied. The upt,akadata reported herein do not indicate the rate of

uptake. This might best be obtained by grcwing dense fresh water cultures

ot those algae that can be grown in fresh water, removing the algae and

then placing them in saline water.. Uptake rate determination~ could b

made by removing aliquots at periodic intervals.
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Another result of this work is wort~ of comsmt. It was quite

surprising to f%xl that maqy spncies of fresh water algae grew very

well in 25and

had p~~ViOUS~

respect to the

responded very

able densities

within 24%our

~O~erceti seawater medium. Little work of this nature

bean PSrfOrmed. The literature is similarly scant with

culture of marine algae. A number of the marine algae

well-to the culture conditions. They achieved consider-

inga few days afi~ at timesj doubled their populations

periods. It may$ therefore$ be that freshwater algae

grown in saline water or marine al.gwe direotly could be mass-cultured for

protein pmduotion. This cnuld b~ of much potential interest to those

arid areas bordering sea watm$ sum as the mideast countries. The

scarcity of food and fresh water go hand-in-hand in these lands. It

might be possible to grow quantities of algae for use as oattle fodderj

or perhaps at,.mmo fufiuredate food for humans~ without consuming fresh

affects would achieve one of the goals of the Office

which is to ccmverQ sea water for use in the production

iha process would not convert the sea water, it would

use it to produce a high-protein

the algae be necessary-to reduce

be achieved using far less fresh

(9nd-product* Should any processing of

the salt content, this could ve~ likely

water tkt would have been required to,

grow an quiwdmt crop. It would seem$ therefore$ that the study of

salt-tolerableand marine algae for protein production might prove profit-

able.
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